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ABSTRACT 
Athila is a group of degenerate Arabidopsis thaliana Tyl/gypsy retrotransposons that 
encode a conserved ORF after integrase. The ORF may be translated on a sub-genomic RNA 
and has putative transmembrane domains reminiscent of a retroviral env gene. This suggests 
that Athila retrotransposons may produce enveloped virions and may be infectious. Athila 
retrotransposons are transcribed in a mutant strain of A. thaliana (ddml-2) that has lowered 
levels ofDNA methylation, suggesting that they can become active. A relatively large and 
intact group of Athila elements was identified and is designated as the AthilaA family. 
Members share >90% nucleotide identity and contain only a few obvious mutations. Due to 
their completeness, the AthilaA family was used to reconstruct several consensus elements, 
which are being tested to see if they complete any of the steps in the retroelement life cycle. 
These experiments are required to test the hypothesis that Athila is a plant retrovirus. 
Additionally, an Athila-like element from Pisirn sativum, called Cyclops. was recently 
described, and it too has retro virus-like features. To further characterize these elements. 18 
plant species were examined for the presence of Athila-like sequences. In 14 species. 
elements that phylogenetically cluster with Athila were found. Five retro virus-like element 
clones from Glycine max were entirely sequenced. This family is called Calypso, and it shares 
overall structural and sequence homology to the Athila and Cyclops retro virus-like elements. 
Importantly, the env-like ORF of Calypso and Cyclops is conserved suggesting that they are 
evolving under functional constraints. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
The General Introduction is divided into several, interrelated sections. The first 
describes early experiments that led to the discovery of the retroviruses. The second 
describes the discovery of retrotransposons and the relationship between these two groups of 
retroelements. In the third section. I provide a detailed overview of the mechanisms of 
retrotransposition and retroviral replication. I then discuss why the study of retroelements is 
important for understanding retroviral diseases and how retroelements affect genome 
organization. Finally, as an introduction to the work described in this dissertation. I give a 
brief overview of plant retroelements and summarize my Master's thesis, which was 
published in Genetics (Wright and Voytas. 1998). 
The Discovery of Retroviruses 
In 1910. Peyton Rous reported that transplanted tumor tissue could induce tumor 
formation in healthy chickens (Rous. 1910). One year later, he demonstrated that the tumor-
inducing agent could pass through filters designed to exclude tumor cells and bacteria (Rous. 
1911). This observation lead to the assumption that a "minute parasitic organism" or 
"chemical stimulant" was the cause of the sarcoma. The agent was subsequently shown to be 
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a virus and became known as Rous Sarcoma Virus (RSV). Rous received the Nobel Prize for 
physiology or medicine in 1966 for this discovery. 
Links were made between viruses and tumors through much of the twentieth century. 
While Rous studied RSV. Ellermann and Bang were studying Avian Leukosis Virus (ALV) 
which produced leukemia in chickens (Ellermann and Bang, 1908). Into the I930's it was 
noted that certain inbred mouse strains had a propensity to develop various cancers, most 
prominent among them were mammary tumors and leukemia. Crosses between vulnerable 
and resistant strains could transmit susceptibility, as a dominant trait, but the association of a 
tumor with a virus proved difficult. It was eventually shown that mouse mammary tumor 
agents were transmitted through the milk of a susceptible mother. Then in the early 40's. 
Bittner demonstrated that the tumor agent was a virus (Bittner. 1942). He was able to induce 
tumor formation in symptom tree mice by feeding them milk from tumor producing mice that 
had been filtered to remove tumor cells and bacteria. With the advent of electron microscopy, 
micrographs with sufficient resolution were made in the I950?s that revealed virus particles in 
mammary tumor cells. This virus was eventually known as Mouse Mammary Tumor Virus 
(MMTV). Additionally, an investigation by Gross, in the 40's and 50's. identified Murine 
Leukemia Virus (MLV) as the causative agent of some forms of mouse leukemia (Gross. 
1951). It was later shown that MMTV could be transmitted vertically as a dominant trait 
without infection through milk and that MLV and ALV could be transmitted vertically as 
well (Muhlbock and Bentvelzen, 1968; Gross and Dreyfuss, 1967; Cottral et al.. 1954). It 
was subsequently shown that dormant vertically transmitted viruses could be activated by 
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treatment with radiation or certain chemicals (Gross, 1959; Gross et al., 1959; Gross and 
Feldman. 1968; Irano et al.. 1963; Zilber and Postnikova, 1966; Ribacchi and Giraldo. 1966). 
After treatment, susceptible animals would spontaneously begin producing virus and develop 
associated cancers, although not all of the cancers could be correlated with a particular virus. 
The ability to grow cells in culture permitted experiments that showed viral 
replication could be manipulated. At this time, poliovirus was known to have a single 
stranded RNA genome that encoded an RNA dependent RNA polymerase, which made 
double stranded poliovirus RNA. By the 1960's. RSV was thought to have a single stranded 
RNA genome and assumed to have a life cycle similar to poliovirus. however, double stranded 
RNA was not detected in RSV infected cells. It was also found that inhibitors of DNA 
synthesis and DNA dependent RNA polymerase would interfere with RSV replication and 
that ribonucleases inhibited viral replication as well. In 1964. while working with RSV. 
Temin linked these observations with an RNA/DNA hybridization study that suggested that 
a DNA copy of RSV was produced in infected cells and was not present in uninfected cells 
(Temin. 1964). He proposed the provirus hypothesis and speculated that the viral RNA 
genome was reverse transcribed and inserted into the host genome. Six years later, reverse 
transcriptase was described as a component of RSV and Rauscher-MLV (Baltimore. 1970; 
Temin and Mizutani. 1970). This backward flow of genetic information from RNA to DNA 
opposed the dogma that information proceeded from DNA to RNA to protein. Temin along 
with Baltimore and Delbecco won the Nobel Prize in physiology or medicine in 1975 for the 
discovery of reverse transcriptase and other retroviral work. 
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Detailed genetic maps of several oncogenic retrovirus genomes were worked out in the 
1970s. The general structural features included terminally redundant RNA and provirus 
DNA, and internal coding regions for the proteins Group Specific Antigen (gag), Polymerase 
{pol), Envelope (env) and transforming genes. Gag is responsible for the viral particle 
structure, pol has the reverse transcriptase function, env encodes membrane bound 
glycoproteins and transforming genes are captured (transduced) cellular gene fragments that 
are responsible for the oncogenic properties of some retroviruses. In the late 70's. some 
rudimentary retrovirus sequencing had been done, but it was not until restrictions on DNA 
cloning were lifted that large regions of many retroviruses were sequenced. By the early 
I980's. the complete genomic sequence of many oncogenic retroviruses and some of their 
replication competent counterparts were known. The retroviruses were found to be 7 to 10 
kb in length, had flanking Long Terminal Repeats (LTR's) and encoded gag, pol and env. 
Replication competent retroviruses shared the same overall structure, whereas the oncogenic 
versions typically had a cellular gene fragment that was imbedded within the virus or that 
replaced the pol and/or env coding regions (Fig I). Most of the oncogenic retroviruses were 
incapable of self-propagation and relied on proteins provided in trans from the replication 
competent "helper" retroviruses (Reddy etai. 1981: Kitamra etal.. 1982: Van Beveren et ai. 
1981 (Cell); Van Beveren etai. 1981 (Nature); Shinnick et ai. 1981 : Schwartz et ai. 1983). 
5 
1000 2000 3000 4000 5000 6000 7000 8000 9000 
i n  i l l  i  I I  I n  i  i l  i  I I  i l l  n i  I n  1 1 1 1 1 1  i l l  m i n  n l  m i l l  m  I n  n i  m  i l l  n i  1 1 1 1 1 1 1 1 1  i l l  m  l u  n i  m  i l l  
LTR 
gag pol 
RB PR RT RH 
env 
Typical 
Retrovirus 
mjEss EE 
LTR 
PBS 
H 
PPT 
gag 
LTR RB PR 
pol 
RT RH 
env src 
Rous Sarcoma « 
Virus I nr 
LTR 
Figure 1. A typical vertebrate retrovirus is depicted as a box diagram. The retroviruses are 
about 7 to 10 kb in length and are bound by Long Terminal Repeats (LTRs). The first Open 
Reading Frame (ORF) encodes Group Specific Antigen (gag). The second ORF is typically 
encoded in a separate frame and encodes the Polymerase (pol) proteins. The Envelope 
(env) protein is encoded in a third ORF. which is express from a spliced RNA. Gag is the 
structural protein that is used to form the virus particle and has an RNA Binding motif 
(RB). Protease (PR). Reverse Transcriptase (RT) and Integrase (IN) are derived from pol 
through the proteolytic action of PR. Env is a transmembrane protein that is on the 
surface of the retrovirus. Env interacts with receptors on the surface of target cells and 
mediates membrane fusion. Oncogenic retroviruses such as Rous Sarcoma Virus (RSV). 
transduce cellular genes that consequently interfere with cellular functions in the host cell 
and cause tumor formation. The transduced genes can be in addition to the normal 
retrovirus complement, such as src in RSV. or they can replace portions of the retrovirus 
genome. In the latter case, the retroviruses are normally defective in a step of replication 
and require replication competent "helper viruses" to facilitate their infection cycle. 
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The Discovery of Retrotransposons 
Barbara McCUnlock discovered DNA transposons while working with Zea mays in 
the 1940's and 50's. She called her transposons Ac (activator) and 0s (dissociator). DNA 
transposons are simple genetic elements that are usually about 2 kb in length. They are 
composed of a gene that encodes a transposase. which is flanked by short inverted terminal 
DNA repeats. The transposase recognizes the inverted repeats, excises the transposon. and 
then re-inserts it elsewhere in the genome. McClintock received the Nobel Prize in 
physiology or medicine in 1983 for her work with transposable elements. Since her 
discovery. DNA transposons have been analyzed in both eukaryotes and prokaryotes. but in 
the 1970"s a new type of transposable element was emerging from genetic studies. 
Green (1977) reviewed the available data concerning the possible existence of 
transposons in Drosophila melanogaster and concluded that two classes of insertion 
elements are present. These were the stable and unstable insertion elements that were 
associated with a few D. melanogaster phenotypes. Each class had a reduced recombination 
frequency near the mutation site, and the unstable insertion class had a reversion frequency 
that was greater than expected for a simple mutation. Green speculated that the unstable 
class was caused by a mobile element that could easily leave the locus, like McClintock's 
transposons, while the other type was fixed. He remarked that all of the evidence regarding 
the proposed existence of D. melanogaster transposons was circumstantial and that their 
confirmation would have to await cloning of the relevant sequences. 
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The first molecular clue that would lead to the identification and classification of the 
stable D. melanogaster insertion elements came from the characterization of an abundant 
mRNA, which was a repeated element found throughout the genome. This gene was called 
copia because it encodes an mRNA that made up 3-4% of the total mRNA in cultured cells 
(Young and Hogness. 1977: Finnegan et al., 1978). Evidence soon began to mount that copia 
was a transposon. Based on cot curve studies, copia was found to be one of several 
repetitive sequence families of D. melanogaster (others being 412. l~.6. 29~). Additionally, 
restriction digest analysis suggested that each family was able to transpose (Young, 1979: 
Potter et ai. 1979: Strobel et al.. 1979). Several papers were published in 1980 showing that 
complete repeat units for many of the families were flanked by LTRs. The LTRs themselves 
were bounded by small inverted repeats, the terminal dinucleotide sequences were always 
5"TG....CA3\ and the transposons made a 4-6 base pair duplication upon insertion into the 
host genome (Levis et al.. 1980: Dunsmuir et al.. 1980). These were all characteristics of 
retroviruses (Dhar et al.. 1980: Van Beveren et al. 1980: Sutcliffe et al.. 1980: Shimotohno et 
al. 1980). Additionally. Flavell et al. (1980) demonstrated that copia mRNA encoded a 
protein of about 51 kDa when translated in rabbit reticulocyte lysates. This was followed by 
news that copia made circular forms of DNA similar to the retroviruses (Flavell and Ish-
Horowics. 1981). Shiba and Saigo ( 1983) isolated copia virus-like particles (VLP) from 
cultured D. melanogaster cells and showed that they contain copia mRNA and reverse 
transcriptase. It was becoming increasingly apparent that the copia and copia-liks elements 
were connected to the retroviruses. 
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While copia and related elements were being studied in D. melanogaster, several 
unusual genetic elements were being studied in the yeast Saccharomyces cerevisiae. Cameron 
et al. (1979) first described Tyl as an insertion at the supA tRNA gene. The restriction 
pattern of this insertion was hypervariable between strains, and in at least one strain. Tyl 
was missing. In most lab strains. Tyl was repeated in the genome about 35 times, was 
flanked by a direct repeat, and when separate cultures of the same strain were grown for one 
month, they frequently acquired new Tyl hybridizing restriction fragments. This evidence 
lead to the conclusion that Tyl was a transposon. The Tyl DNA sequence indicated that it 
had an overall structural organization similar to the copia elements: both encoded retroviral 
gag and pol homologues (Farabaugh and Fink. 1980: Gafner and Philippsen. 1980: Roeder 
and Fink. 1980: Elder et al. 1983: Mount and Rubin. 1985: Clare and Farabaugh 1985). A 
major breakthrough came when it was demonstrated that Tyl transposes through an RNA 
intermediate and makes virus-like particles (VLPs) during transposition (Boeke et al 1985: 
Gartinkel et al.. 1985). It was clear now that there were two groups of reverse transcribing 
elements: the infectious vertebrate retroviruses and the non-infectious LTR retrotransposons. 
In 1984, the complete sequence of the 17.6 element of D. melanogaster was published 
(Saigo et al.. 1984). The major finding was that the 17.6 element had an overall structural 
similarity to the retroviruses, and that in addition to encoding gag and pol. it also encoded a 
protein similar to the retroviral env proteins. Because env is required for retroviruses to 
infect, this suggested that some invertebrate retrotransposons might be retroviruses. A 
growing list of invertebrate Tyl!gypsy elements has since been described; all of which seem to 
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encode env-like proteins. These e/zv-like Open Reading Frames (ORFs) are characterized by 
putative signal sequences, transmembrane domains, protease processing sites and regions that 
may be glycosylated. Like retroviral env genes, these ORFs are frequently encoded on 
subgenomic mRNAs generated through splicing. Retrovirus-like elements with ezzv-like 
ORFs include gypsy. 17.6. and 297 from Drosophila melanogaster. Tom from Drosophila 
ananassae. TED from Trichoplusia ni. Yoyo from Ceratitis capitata. Tas from Ascaris 
lumbricoides and Cer 1 from Caenorhabditis elegans (Zhou and Haymer. 1997: Marlor et al.. 
1986: Tanda et al.. 1994: Britten. 1995: Friesen and Nissen 1990: Felder et al. 1994: Inouve et 
al. 1986: Saigo et ai 1984). Of the invertebrate retrovirus-like elements, only gypsy has been 
shown to be infectious. 
It was found that D. melanogaster strains without active gypsy elements could acquire 
new insertions when microinjected with crude extracts prepared from strains expressing gypsy 
(Song et ai. 1994 Pelisson et ai. 1994). Similarly, inactive strains acquired insertions if larvae 
were fed pupal extracts from actively expressing lines (Pelisson et ai. 1994). Further 
support for the infectious nature of gypsy was gathered upon purification of gypsy virus-like 
particles on sucrose gradients. These particles contained proteins encoded by the env-like 
ORF. and like the crude extracts, the particles could infect inactive D. melanogaster strains 
(Song et ai. 1994). Additionally, antibodies generated against the e/zv-like protein blocked 
infectivity (Song et ai. 1994). Collectively, this work demonstrated that gypsy is an 
infectious retrovirus and suggests that the presence of an env-like ORF is an important 
predictor of the infectious nature of a retroelement. 
10 
Mechanisms of LTR Retroelement Replication 
Retroelements fall into two major classes: the LTR and the non-LTR retroelements. 
The two classes are intrinsically distinct and differ primarily by their mode of replication. I 
have limited this review to the LTR retroelements, which include the TyMcopia and Tyl!gypsy 
retrotransposons and the retroviruses (Fig. 2). Retroelement classification is based on 
phylogenetic analysis of the amino acid sequence of reverse transcriptase and the position of 
reverse transcriptase relative to integrase within the pol gene (Xiong and Eickbush. 1990). In 
the Tyl/copia group, integrase is before reverse transcriptase and in the Ty3Igypsy group, the 
opposite order is observed. Both protein order and amino acid sequence conservation 
indicate that the Tyj/gypsy class is most closely related to the retroviruses. 
For the LTR retroelements. LTRs flank the coding region and serve as a promoter for 
RNA polymerase II and provide signals for transcript termination. An LTR begins with TG. 
ends with CA. and is bound by a short inverted repeat. It is divided into three discrete 
sections: the unique 3' region (U3) is the 5* end of the LTR but is found at the 3' end of the 
mRNA. U3 typically contains the enhancers, silencers, promoter and the polyadenylation 
signal. The redundant region (R) follows U3 in the LTR. It is found at both ends of the 
mRNA and is delineated by the transcription start site and polyadenylation site. The unique 
5* region (U5) is the 3" end of the LTR. is found near the 5" end of the mRNA (after R) and 
may contain regulatory sequences as well (Fig. 3a). The length of U3. R and U5 varies among 
the different retroelements. 
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Figure 2. The three main types of LTR elements are depicted as box diagrams. The 
retroviruses are about 7 to 10 kb in length and are structurally related to the TyU gypsy 
retrotransposons. with the major difference being the env gene, which bestows 
infectivity to the retroviruses. The Ty3/gypsy elements are about 7 to 8 kb long. The 
Tyl/copia elements are more distantly related to the retroviruses; they are relatively 
short (generally -5 kb) and their pol gene is organized differently. In the Ty\/copia 
elements, integrase is before reverse transcriptase and in the Tyh/gypsy elements and 
retroviruses, reverse transcriptase is before integrase. The abbreviations are as 
follows: Long Terminal Repeat (LTR), Group Specific Antigen (gag), RNA binding 
domain (RB), protease (PR), Polymerase (pot), Reverse Transcriptase (RT), RNAse H 
(RH), integrase (IN), Envelope (env), Primer Binding Site (PBS), and PolyPurine 
Tract (PPT). 
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Figure 3. Structural features of a retroelement LTR and mRNA are depicted. The LTR 
normally begins with the nucleotides TG and ends with CA and has imperfect inverted 
terminal repeats. It is divided into discrete regions called U3, which is unique to the 
3' end of the mRNA. R .which is a redundant sequence on both ends of the mRNA and 
U5. which is unique to the 5' end of the mRNA. U3 typically carries the transcriptional 
enhancer (E) and repressor sequences, the polymerase II promoter (P) and the 
polyadenylation signal (PAS). The +1 transcription start site and the polyadenylation 
site delineate R. U5 may have some regulatory sequences like U3. Retroelement 
mRNA is capped, carries part of the LTR on each end and encodes proteins and cis 
acting sequences that are necessary for the retroelement life cycle. 
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After transcription, the mRNA functions as a template for translation and later as a 
template for reverse transcription. The mRNA usually encodes all of the retroelement 
proteins that are required for replication. The typical protein complement is gag and pol 
(Fig. 2 and 3b). The Primer Binding Site (PBS) is a m-acting sequence that lies between the 
5' LTR and the coding region. The PBS is complementary to a specific tRNA. which is used 
to initiate first strand synthesis during reverse transcription. The PolyPurine Tract (PPT) is 
located between the coding region and the 3* LTR. The PPT defines an RNase H resistant 
region that is used to prime second strand synthesis during replication. An additional mRNA 
feature is the packaging signal, which is a sequence in or near gag that is recognized by the 
retroelement proteins and promotes packaging of the mRNA into the developing virus or 
virus-like particle (VLP). A mature LTR retroelement mRNA is therefore comprised of the 
following regions 5' to 3": Cap. R. U5. PBS. packaging signal, gag/pol coding region. PPT. 
U3. R and a polyA tail (Fig. 3c). 
The minimal protein complement of all self-propagating LTR retroelements is gag and 
pol. Pol encodes protease (PR), reverse transcriptase (RT) and integrase (IN), whereas the 
gag protein forms a virus or virus-like particle. Gag is cleaved into sub-units, but not until 
VLP maturation. Since more gag than pol is required for VLP assembly, the ratio of gag to 
pol must be regulated to ensure proper VLP formation. Gag and pol can either be encoded in 
separate ORFs or in a single ORF. ORFs are separated by a frameshift or a stop codon. In 
this way Pol is only made when the translation machinery switches reading frames or reads 
through the intervening stop codon, thus ensuring that more gag than pol is produced. For 
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the elements that encode gag and pol in a single ORF, it is thought that pol is preferentially 
degraded or gag may be translated from a spliced RNA. 
The VLP begins as a complex of immature gag and gag!pol fusion proteins in the 
cytoplasm. As the particle forms, retroelement mRNA and specific tRNAs are taken inside 
in preparation for VLP maturation (Fig. 4a). Protease excises itself from the gag/pol fusion 
protein and cleaves the remaining proteins into their functional forms, thereby producing a 
mature particle (Fig. 4b). After the particle matures, an unknown factor (possibly involved in 
cell division) stimulates the reverse transcription process. 
The redundant LTR sequences at the ends of the mRNA are essential for a series of 
template transfers during reverse transcription: one model is presented (Fig. 5). Reverse 
transcription begins with a specific RNA (usually a tRNA) annealing to the PBS. This may 
occur at the same time that RT binds. RT then polymerizes a strand of DNA to the end of 
the RNA. This is a short DNA termed Minus Strong Stop DNA (-ssDNA). which includes 
R. U5 and the RNA primer. After polymerization, the -ssDNA disassociates from the RNA. 
The R region on the -ssDNA is now complementary to the R region on the 3" end of the 
mRNA. The -ssDNA and RT bind the 3* R region and first strand DNA synthesis is carried 
through to the 5" R region. At some point the RNA is degraded by the ribonuclease H 
(RNase H) function of RT except for a small piece at the PPT. This RNA fragment is used 
to prime Plus Strong Stop DNA (+ssDNA) synthesis. -rssDNA forms a complete LTR. 
which includes the PPT RNA. U3. R, and U5 LTR regions. There is evidence from studies of 
Tyl that the tRNA primer is degraded and not reverse transcribed into DNA during -t-ssDNA 
15 
B 
t 
t 
RNA 
-gag protein 
gag/pol 
fusion protein 
tRNA 
RNA and NC gag 
CA gag 
RT pol 
PR pol 
MA gag 
Figure 4. A model for retrotransposon virus-like particle (VLP) formation. VLP formation 
begins by the aggregation of gag and gag/pol fusion proteins in the cytoplasm. As the VLP 
forms, tRNA and retrotransposon mRNA is taken inside. For correct VLP formation, the 
appropriate stoichiometry between gag and pol must be maintained (A). At an 
undetermined point after initial VLP formation, the VLP matures. It is thought that this 
maturation is similar to what is observed in the retroviruses. Protease (PR) cleaves itself 
from the gag/pol fusion protein and then cuts gag into its constituant parts: Matrix (MA), 
Capsid (CA) and Nucleocapsid (NC). MA remains outside and CA forms an inner 
structure, whereas NC binds the RNA. Pol is also cleaved into its functional sub-units, 
which are reverse transcriptase (RT) and integrase (IN) (B). 
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Figure 5. There are several models for reverse transcription of an LTR element one of 
which is shown here. In (A) a TyVgypsy element transcribes an mRNA (B), the mRNA is 
translated and the particle forms. Inside the particle, reverse transcriptase and a cellular 
tRNA (that is complementary to the Primer Binding Site (PBS)) (C) begin the reverse 
transcription process and strong stop DNA is formed (D). The strong stop DNA is 
complementary to the 3' end of the mRNA (E) and reverse transcription continues (F). 
During this process the RNA is removed except for a few bases at the PolyPurine Tract, 
which is used as a primer, and second strand synthesis completes the 3' LTR (G). This 
complete LTR strand is complementary to the 5' LTR (H) and second strand synthesis 
continues (I). The 5' LTR is finished (J) and an element cDNA is ready to be integrated (K.). 
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synthesis (Lauermann and Boeke, 1994). The +ssDNA is now complementary to the 5' end 
of the first strand of DNA. The 3' end of the +ssDNA is then used to extend the second 
strand to the end of the DNA template. The reverse transcription process reforms the 
complete 5' and 3" LTRs creating a blunt-ended molecule. The cDNA has a 2 to 3 base 
extension on each end which was created by the DNA bases between the 5" LTR and PBS 
primer and the PPT primer and 3" LTR during reverse transcription. The resulting 
retroelement cDNA is then ready for the integration step where it will be inserted into the 
DNA of the host cell by the IN protein. 
Integration begins when IN and possibly other proteins form an integration complex 
that binds the ends of the retroelement cDNA (Fig. 6). The 3' ends of each strand of the 
cDNA are recessed (usually 2 bases) and a 3' OH group is exposed. The integration complex 
will have access to the host genome only during cell division when the nuclear membrane is 
dissolved: however, some retroelements are able to transport the integration complex across 
the nuclear membrane. Once the host DNA is accessible, the integration complex picks a 
target which could be bent DNA. as in the case of retroviruses, or specific targets that seem 
to be particular to different retrotransposons. The integration complex binds the target DNA 
and the 3* OH groups of the cDNA are used to attack the phosphodiester bonds of the host 
DNA target site. The attacks occur 4 to 6 bases apart which produces a staggered cut and 
the cDNA 3* ends are joined to the host DNA. The mismatching 5" ends are recessed and the 
gaps are filled in by cellular repair mechanisms or possibly by RT. The repair produces a 
Target Site Duplication (TSD) at both ends of the retroelement which is a hallmark of 
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Figure 6. After reverse transcription, the particle disassociates and the cDNA (A) forms 
an integration complex with the integrase protein (B). Prior to insertion, the 3' ends of 
the cDNA are recessed and the free hydroxy Is are use to attack the phophodiester bonds 
of the target DNA (C). A staggered cut is made in the host DNA, and one strand on each 
end of the cDNA becomes attached (D). The 5' ends of the cDNA are recessed and the 
gaps are repaired by the host DNA repair pathway or possibly by the action of reverse 
transcriptase. The integration process creates a Target Site Duplication (TSD) at each 
end of the retroelement insertion (E). 
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integration. At this point the new retroelement DNA is ready to start the life cycle over 
again. An overview of the entire retrotransposon life cycle is illustrated in figure 7. 
The major feature that distinguishes the retroviruses from the retrotransposons is a 
coding sequence for an envelope (env) protein. The env protein bestows inactivity to the 
retrovirus particles (Coffin et al.. 1997). Although env genes are not well conserved at the 
primary sequence level, they do share a number of common features: 
• Most are encoded on spliced subgenomic mRNAs. 
• Env proteins typically have a signal peptide (for targeting to the membranes of the 
endoplasmic reticulum) along with a central and a C-terminal transmembrane domain. 
• Env is processed post-translationally by proteolytic cleavage to generate surface and 
transmembrane proteins. 
• The surface and transmembrane sub-units are often glycosylated and are joined together 
via noncovalent or disulfide bonds. 
• Mature env is embedded in the plasma membrane via the C-terminal transmembrane 
domain. 
Unlike retrotransposon gag. the retrovirus gag protein is associated with the cell 
membrane. Type C particles actually form in direct association with the membrane and type 
B and D particles begin to organize in the cytoplasm after which the core particle moves to 
the cell membrane (Fig. 8a). The immature retrovirus is encased in a membrane bilayer 
containing env proteins as it buds off from the cell (Fig. 8b). Shortly after assembling, the 
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Particle 
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Translation 
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Figure 7. A depiction of the retrotransposon life cycle. The outer box represents a cell, the 
large circle is the nucleus and the diagrams between the arrows are the stages of 
retrotransposon replication. In the nucleus, an integrated retrotransposon transcribes an 
mRNA. The mRNA moves out to the cytoplasm and is translated into gag and gag/pol 
proteins. The proteins form a particle and take the mRNA and certain tRNAs inside. 
At an undetermined time, the mRNA is reverse transcribed and the particle disassociates. 
The resulting cDNA copy of the retrotransposon is then taken into the nucleus and 
integrated into the host genome by the integrase protein. 
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Figure 8. Retrovirus core particle assembly can occur in association with the cell 
membrane (type C retroviruses) or in the cytoplasm (type B and D retroviruses). The 
nascent particle forms from gag and gag/pol fusion proteins into which are taken 
retroviral mRNA and specific tRNAs (A). The particle, in association with the cell 
membrane, buds from the cell and is encased in a membrane bilayer enriched with the 
env derived proteins Surface (SU) and Transmembrane (TM) (B). At some point, after 
or during budding, the core particle rearranges. This occurs through the action of the 
encoded protease (PR), and the mature retrovirus is formed when gag is cleaved into the 
sub-units matrix (MA), capsid (CA), and nucleocapsid (NC). Pol is also cleaved into the 
active sub-units reverse transcriptase (RT) and integrase (IN) (C). 
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retrovirus assumes the mature form (Fig. 8c). Env mediates infection by interacting with 
receptors on the surface of target cells, causing membrane fusion and release of the core 
particle within the target cell. The retrovirus then goes through the same steps that a 
retrotransposon goes through for reverse transcription and integration. An overview of the 
retrovirus life cycle is presented in Figure 9. 
Why Study Retroelements? 
The study of retroelements is important for many reasons. For example, it advances 
our understanding of disease, it helps tease apart the molecular networks within the cell, and 
it has changed the way in which the genome is viewed. Genomes were once thought of as 
static structures, and now they are recognized as a dynamic system. Retroelements play a 
key role in genome alteration. As a result of their ubiquitous nature and prolific replication 
activity, retroelements have become ingrained in the study of genetics. 
Some form of reverse transcribing element has been found in virtually every 
eukaryotic system examined. Retroelements are in essence a configuration of nucleic acid 
with sequence features that allow proliferation through the action of a reverse transcriptase. 
Replication seems largely independent, but actually requires many components from the host 
cell. Retroelement dependence on the host cell makes them appear to be solely parasitic 
entities: however, as described in greater detail below, they may perform some indispensable 
function that permits them to be so pervasive. 
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Figure 9. The retrovirus life cycle is very similar to that of the retrotransposons. The outer 
box represents a cell, the large circle is the nucleus and the diagrams between the arrows 
are the stages of retrovirus replication. In the nucleus, an integrated retrovirus 
transcribes an mRNA. The mRNA moves out to the cytoplasm and is translated into 
gag and gagfpol proteins. A spliced env mRNA is translated on the rough endoplasmic 
reticulum and the env protein is transported through the membrane system where it is 
modified and finally becomes embedded on the outer surface of the plasma membrane. 
The gag and gaglpol proteins form a particle, either in the cytoplasm or at the inner surface 
of the plasma membrane. As the particle forms, retrovirus mRNA and certain tRNAs are 
taken inside. The particle associates with env-rich regions of the cell surface and buds from 
the cell. At some point during or soon after budding, the particle matures. After 
maturation, the retrovirus can infect a new host cell. During infection, the env proteins 
mediate membrane fusion between the retrovirus and the host cell. The retrovirus core 
particle is released into the cell cytoplasm, and the mRNA is reverse transcribed. After 
reverse transcription, something triggers particle disassociation. The resulting cDNA 
copy of the retrovirus is then taken to the nucleus and integrated into the host genome by 
the integrase protein. 
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Disease and mutation are one consequence of carrying a parasitic sequence, [t is 
known that retroviruses can cause cancer and diseases such as AIDs. It has also been shown 
that retrotransposons can cause cancer and other genetic disorders as well. The human Line I 
retroelement and alu sequences have been found to be the cause of diseases such as 
hemophilia, acholinesterasemia. familial hypocalciuric hypercalcemia, neurofibromatosis, and 
Duchenne muscular dystrophy, as well as colon and breast cancer (Kazazian et al.. 1988: 
Morse et al.. 1988; Wallace et ai. 1991: Muratani et al.. 1991: Miki et ai. 1992: Vidaud et ai. 
1993: Narita et ai. 1993: Holmes et ai. 1994: Janicic et ai. 1995: Miki et ai. 1996). 
Retrotransposon induced cancer and genetic disorders have been reported in animal models as 
well. 
Retrotransposons do not usually leave their host cell: rather, they depend on the host 
for transmission to subsequent generations. If a retrotransposon were to regularly cause 
disease, transpose into critical genes, or disrupt a regulatory feature of a chromosome, the 
result for the host or its offspring could be devastating. In such a case, the lineage of the host 
would probably not survive, and the offending element would perish as well. There is little 
doubt that this simplified scenario has been played out countless times over the course of 
evolution. To ensure their persistence, retrotransposons often adopt controls that preserve 
the genetic integrity of the host. Regulation may be in the form of inducible promoters that 
limit transcription, methylation of repetitive DNA that silences the elements, or controls on 
protein translation and modification that limit transposition. Alternatively, the integration of 
elements may be targeted to benign regions of the genome. Even with such stringent 
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limitations, the propensity of elements to replicate can place a significant burden on the 
genome. This is manifested by the sheer size of the eukaryotic genome. Plant genomes are 
particularly large: at the low end, Arabidopsis thaliana is estimated to possess 10* base pairs 
of genomic DNA. whereas many Lilium species are genomic giants with well over 1010 base 
pairs (Leeton and Smyth 1993). Much of the excess or repetitive DNA is actually made of 
transposable elements. For example, it is estimated that these elements constitute 50% of the 
109 base pairs of the Z. mays genome (SanMiguel et al. 1996). 
The consequences of retrotransposon activity are not always detrimental. Over 
evolutionary time, elements may contribute genetic material, which can be reshaped into new 
genes or other structures. For example, it is thought that retroelement activity is the cause of 
pseudogene formation. Pseudogenes are duplicated host genes that do not contain introns and 
do not have a promoter. This structure suggests that pseudogenes were reverse transcribed 
mRNAs that became integrated into the genome. In this way. it is thought that retroelements 
can add even more diversity to the genome. During a retroelement survey of the 5. cerevisiae 
genome sequence data. Kim et al. (1998) found that retroelement fragments had become so 
eroded that a homology cut off value had to be established to distinguish retroelement from 
non retroelement DNA. This suggests that over time, the additional sequence space provided 
by retroelement replication can become highly modified even to the point that it no longer 
resembles a retroelement. 
Another way retroelements can act to alter the genome is by changing how or when a 
gene is expressed. For example, the sex-limited gene of mice responds to androgen because of 
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transcriptional control sequences in an LTR located at the 5' end of this gene (Stavenhagen 
and Robbins 1988). In humans, a retrovirus insertion is responsible for the tissue specificity 
of the salivary amylase gene (Ting et al. 1992). Additionally, in the maize zein gene family, 
the PI promoter is thought to be an LTR. and in fact, flanking retrotransposons may be 
responsible for zein gene duplication caused by unequal crossover events (White et al. 1994). 
There are a few known instances where a retroelement has been domesticated by its 
host, and the element provides a vital function. In D. melanogaster. the telomeres of each 
chromosome appear to be maintained by an array of tandem elements formed by targeted 
transposition (Biessmann et al. 1994. Danilevskaya et al. 1994). Additionally, it is thought 
that the formation of mammal placental syncytia, which are multinucleated cells formed by 
the fusion of fetal cells in the placenta, is mediated by the env gene of an endogenous 
retrovirus (Mi et al. 2000: Blond et al. 2000). 
By applying molecular techniques, retroelements can be harnessed to benefit science. 
Retroviruses can be used to introduce genetic material into the genome of an organism, and 
both retroviruses and retrotransposons have been used to cause mutations, which has led to 
gene identification. Since these elements play such an integral part in the dynamics of genome 
organization and function, it is easy to see why their study is central to an understanding of 
the eukaryotic genome. 
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Plant Retroelements 
Plant retrotransposons fall into the same three groups of self-propagating elements 
that are found in other eukarvotes: namely non-LTR. TyMcopia and Ty3/gypsy 
retrotransposons. Retroviruses have not been described in plants. The LTR 
retrotransposons are the most widely studied plant elements and their general structures are 
the same as elements from other eukarvotes. The LTRs can be as small as a few hundred 
bases long or as large as a few thousand bases. With few exceptions, the primer binding site 
is complementary to an initiator methionine tRNA. and the coding region has recognizable 
gag and pol protein motifs. One notable feature of plant LTR retrotransposons is that gag 
and pol are encoded in a single ORF. To date, not a single plant LTR retrotransposon has 
been found that appears to have a functional gag/pol frameshift as is seen in elements in other 
eukaryotes. 
Although retroelements are ubiquitous, active examples are fairly rare outside of the 
retrovirus group. This is particularly true for plant species, where there are currently only 
three complete LTR retrotransposons demonstrated to be transcriptionally and 
transpositionally active. They are Trttl and TtoI from Nicotiana tabacum and Tosll from 
Oryza sativa; all three are Tyllcopia elements (Grandbastien et al. 1989. Hirochika 1993 and 
Hirochika et al. 1996). A fourth Tyllcopia element called Bare-1 from Hordeum vulgare is 
thought to be active, but a mobile example is yet to be cloned and characterized. Bare-1 is 
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polymorphic in the H. vulgare genome, produces mRNA and makes particles (Jaaskelainen et 
al.. 1999). 
Such few examples of active plant retroelements means that a significant component 
of the genome of one of the world's most important resources is greatly under-studied. Plant 
research is starting to catch up to the levels seen for other organisms due. in part, to the focus 
placed on the small but scientifically important weed. Arabidopsis thaliana. A. thaliana is a 
very attractive model plant system: it is an easily grown, compact annual with a streamlined 
genome, a short life cycle, and it produces a large amount of small seed. These qualities have 
made it the ideal subject of numerous biochemical, developmental and genetic studies. A. 
thaliana is further set apart from other plant models by the fact that most of its genome is 
sequenced. The sequencing effort has been greatly simplified because A. thaliana possesses 
relatively little repetitive DNA. A great deal of repetitive DNA in most plant species is 
made up of transposable elements, which can range in number from a very few to thousands. 
The reduced number of repeated sequences suggests that A. thaliana has been very successful 
at curtailing the activity of its elements, or it has been extremely successful in eliminating 
them from its genome. A. thaliana has retained a few transposable elements in spite of the 
apparent reduction of its genome. These elements are not functional or are otherwise 
quiescent (Voytas et al.. 1990: Konieczny et ai. 1991: Pelissier et ai. 1995: Peleman et ai. 
1991; Wright et ai 1996; Wright and Voytas 1998). 
Tntl and Ttol have both been shown to be active in A. thaliana. but a better subject to 
study in this plant would be an active endogenous A. thaliana retrotransposon. Once an 
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active retrotransposon has been identified, the low copy number of other elements and the 
small A. thaliana genome will be a great advantage over other plant models. This advantage, 
combined with the sequence of the A. thaliana genome, would make following new 
transposition events simple. In addition, the exact interactions between plant and element 
could be studied with relative ease due to A. thaliana's sophisticated genetics. Knowledge 
gleaned from a study of A. thaliana retrotransposons may be transferable to other more 
complex plant systems. In any case, it makes sense to study an intricate process in a 
relatively simple and well-defined system before attempting the same in a larger system. 
Previous Work 
Tat I was originally reported to be an A. thaliana DNA transposon. and the element 
called Athila was described as an unusual A. thaliana retroelement ( Peleman et al.. 1991: 
Pelissier et al.. 1995). After extensive analysis of Tat 1 and Athila. I have classified both as 
Ty3/gypsy group retroelements (Wright and Voytas. 1998). This reclassification is based on 
the characterization of new Tat\ clones, as well as the analysis of .4. thaliana genome 
sequence data and Z mays retroelements from the literature such as Zeon-1, and Grande-:mI. 
This work constituted my Masters thesis and is summarized below. 
Four new Tat I elements were examined at length and none encoded reverse 
transcriptase or integrase motifs associated with functional retrotransposons. This was 
thought to be the result of internal deletions in these particular elements, which was further 
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supported by the differing lengths of their encoded ORFs and the varying size of each 
element as a whole. Tat 1-2 has 433 bp flanking LTRs that begin with TG and end with CA. a 
putative PBS, a short ORF, a long 3' non-coding region, a putative PPT. a 5 base TSD and a 
total length of 3.879 bp. The other Tat\ elements were similarly organized and all had greater 
than 89% nucleotide identity to each other. 
Tat I was grouped with the Ty3lgypsy elements based on structural organization and 
strong amino acid similarity (-51%) to the gag protein of the A. thaliana Ty3/gypsy element 
in BAC MXA21. This Ty3/gypsy element was found in the unannotated A. thaliana genome 
data by BLAST searches using Tail as a probe. The element was named 7ar4-l and 
represents a group of long Ty3/gypsy elements (about 12 kb). Tat4-\ has flanking 450 bp 
LTRs. a putative PBS. an interrupted ORF that encodes gag and pol. a long 3" non-coding 
region, a putative PPT. and a 5 base TSD. 
Athila was found, by chance, during a study of A. thaliana 180 bp centromeric repeat 
sequences (Pelissier et al.. 1995). Athila was described as a 10.505 bp retroelement that was 
flanked by 1.5 kb LTRs. It began with TG and ended with CA. had a putative PBS. had two 
ORFs, a putative PPT. and created a 5 base TSD. All of these were suggestive of a 
retroelement yet the Athila ORFs had no similarity to any known retroelement. The unusual 
organization of Athila was reminiscent of Tar 1. 
I found an Athila element in the unannotated A. thaliana genome data by BLAST 
searches using Athila as a probe. By analyzing this sequence. I concluded that Athila is a 
Ty3/gypsy element based on its structural organization and the -62% amino acid similarity 
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between its first ORF and the gag protein of MXIIO; both elements also share limited 
similarities between their second ORFs. The MXIIO element is referred to as Athilal-l. 
Athilal-l is-12 kb and has -1.6 kb incomplete LTRs, a putative PBS. an interrupted ORF 
that encodes gag and pol. and an additional ORF. 
The putative PBS is an unusual feature of Tat and Athila. The initiator methionine 
tRNA is most commonly used as a primer for retrotransposons. A few retrotransposons are 
known to employ other tRNAs but this strategy is generally associated with retroviruses. 
The A. thaliana initiator tRNA did not match the PBS of Tatl. TatA-l. Athila. Athila\-\ or 
Zeon-l. nor did it match the PBS of four additional maize elements: Cinfiil. Huck-2. Grande-
:m\. or Milt and the Zea diploperennis element Grande 1-4 (SanMiguel et al. 1996 and 
Martinez-lzquierdo and Salgado 1996). Athila and Athilal-l appear to be primed by the 
aspartic acid tRNA for the GAC codon and, in fact, the Athilal-l PBS is perfectly 
complementary to 15 bases at the 3' end of this tRNA. whereas Athila has one mismatch. 
7V//4-1. the Z mays elements Huck-2. and Grande-zml and the Z diploperennis element 
Grande IA appear to be primed by the arginine tRNA for the AGO codon. Other than a 
single base difference in Tat4-l. these primer binding sites have at least a 20 base continuous 
match to the 3' end of the arginine tRNA. Tat 1 has 16 bases of identity, excluding a two base 
central mismatch, to the asparagine tRNA for the AAC codon. The use of alternative tRNAs 
to prime reverse transcription is further evidence that Tat 1 and Athila elements form a novel 
group of plant retroelements. 
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Phylogenetic analyses based on the reverse transcriptase amino acid sequences of 
elements related to Athilal-l and TatA-l indicated that they form a distinct lineage apart from 
other Ty3lgypsy elements (Fig. 10). Based on the features described above, there are at least 
two subgroups of Tv3/gypsy elements in plants. One group (Plant Branch 1. Fig. 10) is made 
up of the classic plant elements, which fit a traditional Tyj/gypsy element description. The 
second group (Plant Branch 2. Fig. 10) includes elements related to Tat. which are about 12 
kb long, have short LTRs. related gag proteins, and possess a long 3' non-coding region. The 
elements related to Athila are also in the second group: they are about 12 kb long, have long 
LTRs. share similar gag as well as second ORF features and share an almost identical primer 
binding sites. 
The Athila group has one more very important attribute that sets it apart from other 
plant retroelements. Athila encodes an erzv-like protein (Wright and Vovtas. 1998). This has 
led to speculation that retroviruses may infect plants as well as animals. Additionally, the 
retroelement Cyclops from Pisum sativum was recently described, and it too appears to have 
the necessary components to be a retrovirus (Chavanne et al.. 1998). Both of these plant 
retrovirus-like elements are about one third larger (-12-14 kb) than their smaller (-7-8 kb) 
Tyhlgypsy cousins. They have a single large ORF that encodes gag and pol. followed by a 
series of stop codons and a smaller second ORF that encodes an e/rv-like protein (Fig. 11 ). 
Although the plant retrovirus-like elements have diverged significantly from the 
vertebrate retroviruses (including infectious insect TyVgypsy elements), their env-like ORFs 
are structurally conserved and encode candidate signal sequences for intracellular protein 
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Figure 10. Relationships of reverse transcriptase amino acid sequences were determined 
by the neighbor-joining distance algorithm using Phylip (Felsenstein 1993; Saitou and Nei 
1987). The tree was rooted using retrovirus sequences. Bootstrap values of greater than 
50% of 100 replicates are shown as numbers above branch nodes. Elements containing 
em'-like ORFs are labeled as metaviruses. All other elements do not encode e/iv-like ORFs 
and are errantiviruses. Elements are as follows: dell. Lilium henryi (XI3886); 7ma3-l..-l. 
thaliana (BAC IG009D12); Tmal-l A. thaliana (BAC T32N15)(AC002534): IFG1: Pima 
radiata (Xiong and Eickbush 1990); Reina. Zea mays (U69258); Tfl. 
Schizosaccharomycespombe (M38526); CJT-l. Cladosporiumfitlvum (Z11866); Skippy. 
Fusarium oxysporum (L34658); Maggy, Magnaporthe grisea (L35053); Grasshopper. 
Magnaporthe grisea (M77661); Faba bean element. Vicia faba (AB007466); Athilal-l. 
A. thaliana (PI clone MX 110)(AB005248); Grandel-4, Zea diploperennis (X97604); 
TatA-l.A. thaliana {PI clone MXA21)(AB005247); Ty2, Saccharomyces cerevisiae 
(M23367); SURL. Tripneustis gratilla (M75723); Mag, Bombyx mori (XI7219); Woot. 
Tribolium castaneum (U09586); Ulysses, Drosophila virilis (X56645): 412. 
D. melanogaster (X04132); mdgl, D. melanogaster (X59545); TED, Trichophisia ni 
(M32662); Tom, Drosophila ananassae (Z24451); 297, D. melanogaster (X03431); l~.6. 
D. melanogaster (X01472); Yoyo, Ceratitis capitata (U60529); gypsy, D. melanogaster 
(Ml2927); Cerl, Caenorhabditis elegans (U15406). 
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Figure 11. Box diagrams of a classic Ty3/gypsy element and two retrovirus-like elements 
from plants are depicted. Boxes with black triangles are LTRs. long boxes between LTRs 
are coding regions, short lines in the coding regions are methionine codons and long lines 
are stop codons. Offset boxes represent frame shifts. Tma3-l is a classic Ty3/gypsy 
element and is defective due to the stop codons in its coding region. It has cis acting 
sequences consisting of two LTRs, a Primer Binding Site (PBS) and a PolyPurine tract 
(PPT). The gag protein has an RNA Binding motif (RB) and pol is divided into reverse 
transcriptase (RT) and integrase (IN). The Athilal-l and Cyclops2 retrovirus-like elements 
are structurally similar to Tma3-l. but are larger elements. Additionally, the retrovirus-like 
elements encode an e/rv-like protein (A). In (B) the env-like regions of Athilal-l and 
Cyclops2 are compared to the env proteins of HIV-1, HTLV-1 and gypsy. Retrovirus env 
is translated from a spliced mRNA. The protein has an N-terminal signal peptide that 
directs it into the endoplasmic reticulum. It becomes embedded in the membrane system at 
the C-terminal anchor transmembrane domain. After transport to the golgi. it is 
glycosylated (Y) and cleaved just in front of the central transmembrane domain. While in 
the membrane system, the surface (SU) end of env is typically covalently attached to TM. 
via cysteine disulfide bonds. The Athilal-l and Cyclops2 env-like protein appear to be 
expressed from a spliced mRNA, they have several glycosylation sites and encode several 
cysteines. They have a central transmembrane domain and an anchor transmembrane 
domain in a conserved reading frame separated by a frameshift. 
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trafficking and putative transmembrane domains. In addition, a sequence predicted to be a 
strong splice site acceptor is found at the beginning of the env-like ORF. suggesting that this 
ORF is encoded on a spliced, sub-genomic transcript similar to retroviral env genes. Based on 
the retroelement literature, two predominant models can be applied to explain the presence of 
the env-like ORF in the plant retrovirus-like elements: 
1. The ORF may simply be the remnant of a cellular gene that was transduced by the 
retroelement during replication; the transduction of cellular genes is well documented for 
both the retroviruses and retrotransposons. 
2. The ORF may encode a protein that plays a critical role in the retroelement life cycle. 
Because of the transmembrane domains, a likely function would be in the cell to cell 
transmission of enveloped virions. Alternatively, the ORF may encode a movement 
protein. This type of protein is encoded by plant viruses and is used to transport viral 
DNA/RNA through plasmodesmata after an initial infection. 
Dissertation Organization 
My hypothesis is that the env-like ORF of the plant retrovirus-like elements encodes 
a true envelope protein and that this new class of retroelements is a group of plant 
retroviruses. In chapter 1.1 consider the history of retroelements in biology to emphasize 
their importance and review the current literature for the LTR retroelements. I also 
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summarize the work I did for my Master's thesis, which was primarily the characterization 
of Tat and Athila. References for Chapter I are listed at the end of this dissertation. Chapter 
2 and 3 are in the form of journal articles. In chapter 2.1 present new data that shows that 
retrovirus-like elements are common to many plant species and that the em-like ORF is a 
structurally conserved feature of these elements. In chapter 3.1 present data about the 
AthilaA retrovirus-like family ot'A. thaliana and my attempts to reactivate a dead element 
through consensus element reconstruction. The Athila4 family is the most intact group of 
retrovirus-like elements found to date. In the general conclusions. I discuss the accumulated 
data and ongoing experiments. 
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CHAPTER 2. THE CALYPSO ELEMENTS OF SOYBEAN: MEMBERS 
OF AN UBIQUTOUS FAMILY OF PLANT RETROVIRUS-LIKE 
ELEMENTS 
A paper to be submitted to Genetics 
David A. Wright and Daniel F. Voytas 
ABSTRACT 
Retrovirus-like elements that encode a putative envelope gene have been reported in 
Arabidopsis thaliana and Pisum sativum. To further characterize this group of elements, a 
Glycine max phage library was screened to identify closely related homologues. The G. max 
elements are called Calypso and are similar in overall structure to the Athila and Cyclops 
elements from A. thaliana and P. sativum. Importantly, they encode a putative envelope gene 
that is conserved between Cyclops and Calypso. A PCR-based survey of retrovirus-like 
elements from 14 plant species suggests that this group is ubiquitous among the angiosperms. 
Phylogenetic analysis based on reverse transcriptase amino acid sequences of retrovirus-like 
elements from these 14 species clearly demonstrates that these elements form a clade that is 
distinct from other plant Tyllgypsy elements. 
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INTRODUCTION 
Retrotransposons and retroviruses (collectively referred to as retroelements) are a 
repetitive class of DNA that has the ability to proliferate through an RNA intermediate. As a 
consequence of their prolific replication, large portions of many eukaryotic genomes are 
comprised of retroelements. Retroelements fall into two major classes: the LTR (long 
terminal repeat) and the non-LTR retroelements. The two classes are intrinsically distinct, 
primarily differing by their mode of replication. For the LTR retroelements. the two LTRs 
serve as the promoter and terminator during transcription. The redundant LTR sequences at 
the ends of the mRNA are required for a series of template transfers during reverse 
transcription. The resulting retroelement cDNA is then integrated into the DNA of the host 
cell by a retroelement-encoded integrase. Between the LTRs. there are usually coding regions 
for gag (group specific antigen) and pol (polymerase) proteins. Pol encodes protease, reverse 
transcriptase and integrase. whereas the gag proteins form a particle in which the mRNA is 
reverse transcribed. 
The LTR retroelements include the Tyllcopia. and Tyl/gypsy retrotransposons and 
the retroviruses. Retroelement classification is based on phylogenetic analysis of the amino 
acid sequence of reverse transcriptase and the position of reverse transcriptase and integrase 
within the pol gene. In the Tyllcopia group, integrase is before reverse transcriptase and in 
the Tyilgypsy group the opposite order is observed. Both protein order and amino acid 
sequence conservation indicate that the Ty3/gypsy class is most closely related to the 
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retroviruses. The major distinguishing feature is that retroviruses possess a coding sequence 
for an envelope {env) protein. The env protein allows the retrovirus particles to escape from 
the host cell after it associates with the cell membrane. The retrovirus is then free to infect a 
new cell, whereas the retrotransposon is restricted to its host. 
Retroviruses have long been thought to only infect vertebrates: however, evidence has 
been accumulating that suggests retroviruses may be more widespread. At least eight 
invertebrate Ty3lgypsy elements have been described that encode an envelope-like (e/rv-like) 
protein. These include gypsy. I 76. and 297 from Drosophila melanogaster. TOM from 
Drosophila ananassae. TED from Trichophisia ni. Yoyo from Ceratitis capitula. Tas from 
Ascaris lumbricoides and Cer I from Caenorhabditis elegans. Of the invertebrate retrovirus-
like elements, gypsy has been shown to be infectious (Kim et al.. 1994: Pelisson et al.. 1994: 
Song et al.. 1994). This observation indicates that retroviruses are not limited to vertebrates 
as once thought. 
Recently, several unusual Tyilgypsy plant retroelements have been characterized, 
which has led to speculation that retroviruses may infect plants as well as animals. 
Specifically, the Athila retroelements from Arabidopsis thaliana have a genomic organization 
that is retrovirus-like in nature (Wright and Voytas. 1998). Athila elements are about one 
third larger (-12-14 kb) than their smaller (-7-8 kb) Ty3lgypsy cousins. They have a very 
large open reading frame (ORF) that encodes gag and pol, which is followed by a series of 
stop codons and a smaller second ORF that encodes a conserved e/iv-like protein. 
Surprisingly, two Tyllcopia elements have been characterized that also have an env-like ORF 
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(Laten et al., 1998; Peterson-Burch et al., 2000). This is the first indication that retroviruses 
might also be found in the Tyllcopia lineage. Of the aforementioned plant retrovirus-like 
elements, none have been shown to be functional. However the evidence is strong enough to 
warrant an investigation into the possible existence of plant retroviruses. 
Is the e/tv-like ORF of the A. thaliana retroelements important in their life cycle or is 
it a non-functional transduced sequence? This question was partially addressed when the 
Cyclops elements of Pisum sativum were described (Chavanne et al.. 1998). Cyclops is 
similar in size and structure to the Athila retroelements. It is -12 kb. has a long ORF that 
encodes gag and pol and has a smaller second ORF with errv-like features. Southern 
hybridization using Cyclops as a probe indicates that this type of retroelement is prevalent in 
the legumes. Based on the relatively intact structure of Cyclops, it was decided that the 
genome of Glycine max (soybean) may be a suitable candidate species from which to identify 
active plant retrovirus-like elements. Additionally, a PGR based survey of retrovirus-like 
element was performed using genomic DNA from 18 plant species. The sequence data 
collected from the retrovirus-like elements indicate that they form a distinct lineage among 
Tyj/gypsy elements and that they have unexpected properties. 
MATERIALS AND METHODS 
Library Screening and Southern Hybridization. A soybean genomic X phage 
library (line L85-3044) was initially screened with a reverse transcriptase probe under low 
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stringency conditions (50 °C with a 1% SDS wash) (Church and Gilbert, 1984). The library 
was previously described (Chen et ai, 1998). The probe was obtained by PCR amplification 
of genomic P. sativum DNA using primers based on the reverse transcriptase of Cyclops2 
(DV0701 and DV0702). All probes were radio-labeled using random primers and protocols 
supplied by Promega (Madison. WI). For Southern hybridizations. DNA was digested, 
electrophoresed on 0.8% agarose gels, and transferred to Gene Screen Plus membranes using 
the manufacturer's alkaline transfer protocol (New England Nuclear. Boston. MA). All high 
stringency hybridizations were as described (Church and Gilbert. 1984). 
PCR Retrovirus-like Element Survey. Genomic DNA samples for 18 plant 
species were collected. Degenerate primers were designed to amplify the seven core domains 
that characterize reverse transcriptase (Xiong and Eickbush. 1990). DVOl 197 (5" GTG-
CGN-AAR-GAR-GTN-NTN-AAR-YT 3") was based on the conserved amino acid sequence 
VRKEVLKL. which is upstream of core domain I. DVOl 198 (5" AAC-YTT-NGW-RAA-
RTC-YTT-DAT-RAA 3") was based on the reverse complement DNA sequence of the 
conserved amino acid sequence FIKDFSKV. which is after core domain VII. PCR was 
performed in 50 |il reactions with -100 ng genomic DNA. 3 (imol of each primer. 2.5 units 
Taq DNA polymerase, IX Promega Taq buffer, and a final concentration of 2.5 mM 
magnesium chloride. PCR was performed using an MJ Research PTC-100 machine under the 
following conditions: 30 cycles with 92°C for 20 seconds. 50°C for 30 seconds. 72°C for 90 
seconds. The PCR products were purified on low melting agarose gels and cloned into T-
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vector prepared from pBluescript II K.S- (Ausubel et ai, 1987; Hadjeb and Berkowitz. 1996). 
The clones were grown in the E. coli host strain XL I Blue (Stratagene. La Jolla. CA). 
DNA Sequencing. X phage clones were sub-cloned into the vector pBluescript II 
KS- and transformed into the E. coli host strain XL 1 Blue (Ausubel et al. 1987). Subclones 
were sequenced by primer walking at the Iowa State University DNA sequencing facility. 
Retrovirus-like element PCR products were short enough to be sequenced in their entirety 
from the vector-based primers. 
Sequence Analysis. DNA Sequence analysis was performed using the GCG 
software package (Devereux et al. 1984). DNA Strider 1.2 (Marck 1988) and the BLAST 
search tool (Altschul et al. 1990). Phylogenetic relationships were determined by the 
neighbor-joining distance algorithm using PAUP v4.0 beta 4a (Swofford 1991: Saitou and Nei 
1987) and were based on reverse transcriptase amino acid sequences that had been aligned 
with ClustalX vl.63b (Thompson et al. 1994). Transmembrane helices were identified using 
the PHDhtm program and TMpred (Rost et al. 1995. Hofmann and Stoffel 1993). Splice site 
analysis was performed with NetGene2 (Hebsgaard et al.. 1996: Brunak et al.. 1991). The 
Calypso DNA sequences have been submitted to the DDBS/EMBL/GenBank databases 
under the accession numbers AF186182. AF186183. AF186184. AF186185. and AF186186. 
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RESULTS 
Retrovirus-like Elements in G. max. Retrovirus-like elements were identified from 
G. max (soybean) by a low stringency (50°C) screen of a A. phage library. This library has an 
average insert of 17 kb of G. max genomic DNA (Chen et al.. 1998). It has been observed 
that the majority of retrovirus-like elements from A. thaliana suffer an internal deletion that 
removes the pol region of the element (Wright and Voytas. 1998). To eliminate clones with 
pol deletions, reverse transcriptase from the P. sativum Cyclops element family was used as a 
probe. A screen of -50 thousand plaques produced a large number of hybridizing phage. 
Sixty-three plaques were subsequently purified and analyzed by Southern hybridizations of 
restriction digested phage DNA. Thirty-five unique clones were sequenced to varying 
degrees and 24 had readily identifiable retrovirus-like sequence patterns similar to Cyclops 
and Athila. Most of the elements were distantly related and shared the most similarity in 
their pol gene (-70%). All of them had premature stop codons, frameshifts. deletions or 
insertions. A group of three closely related elements and another related pair were selected 
for complete sequencing (Fig. 1 ). The three elements in the first group are referred to as 
Calypsol-l, CalypsolA. and Calypso3-l. The elements in the second group are referred to as 
CalypsoAA and CalypsoS-1. We suggest that the remaining soybean retrovirus-like elements 
should be given the Calypso name and a sequential designator number based on their family 
group and specimen number. For example CalypsolA is the second family and first 
representative of this family. We further suggest that family groups should be determined by 
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Figure I. The five Calypso retrovirus-like elements are represented as box diagrams. Boxes 
with black triangles are LTRs, long boxes between LTRs are coding regions, short lines in 
the coding regions are methionine codons and long lines are stop codons. Offset boxes 
represent frameshifts. Below is the Caylpso consensus based on CalypsolA. Frameshifts 
and stop codons were changed based on amino acid sequence alignments. The consensus has 
gag and pol in a single open reading frame, and the env-like open reading frame is in the 
expected position based on Athila homology. 
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overall DNA sequence identity and they should form a distinct clade upon phylogenetic 
analysis of the seven core domains of reverse transcriptase when applicable. 
Features of a Consensus Calypso Element. The large number of frameshifts and 
stop codons in the five Calypso element sequences made it difficult to identify their 
conserved features. To aid in this, we generated a consensus Calypso element based on 
Calypso\-\. The Calypsol-l sequence was repaired electronically through direct sequence 
comparison with the other Calypso elements. Most of the restoration involved an insertion 
or a deletion of a single nucleotide. 
The consensus Calypso element has the same overall structure as the previously-
described Athila and Cyclops elements (Chavanne et al.. 1998: Wright and Voytas. 1998). 
The elements are ~l2kb in length, they have a 5' LTR. a Primer Binding Site (PBS), a gag 
gene, a pol gene, a non-coding spacer, an env-like gene, another non-coding spacer region, a 
PolyPurine Tract (PPT) and a 3' LTR (Fig. 2a). The LTRs vary from ~1.3 to ~1.5kb in 
length and characteristically begin with TG and end with CA. The PBS is similar to that used 
by the Athila and Cyclops elements: it is 4 to 6 bases past the 5' LTR and matches the 3' end 
of a G. max aspartic acid (ASP) tRNA. The region of complementarity is 18 to 19 bases 
with 1 mismatch (Fig. 2b). The gag protein extends -850 amino acids and includes a zinc 
finger domain (CxxCxxxHxxxxC). A domain corresponding to the conserved active site of 
aspartic acid proteases (LIDLGA) follows gag. The ~600 amino acid reverse transcriptase 
region follows protease and has many conserved motifs. The -450 amino acid integrase has a 
zinc finger domain (HCHxSxxGGH30xCDxCQR) as well as other integrase motifs including 
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Figure 2. (A) is a box diagram of a retrovirus-like element with its associated parts labeled. 
In (B), an alignment of the Calypso PBS is shown along with Cyclops and Athila PBSs to 
illustrate the similarity between them. Below is an alignment of the Calypso IA PBS with 
the 3' end of a soybean ASP tRNA. In (C) the major gag/pol features of the Calypso 
elements are shown and compared to those from Cyclops and Athila. (D) is an alignment of 
the PPT from Calypso, Cyclops and Athila; the common region is highlighted. 
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the DD35E motif (Fayet et al.. 1990). Integrase also has a C-terminal extension, which 
includes the GPY/F module (Fig 2c). The GPY/F module has been suggested to define a 
DNA-binding domain and is found in some retroviral and Ty3/gypsy element integrates (Malik 
and Eickbush. 1999). After integrase. there is a -O.Tkb spacer then a -450 amino acid env-
like protein coding region. The ezzv-like protein is followed by a -2 kb spacer at the end of 
which is a PPT with the approximate sequence A11 l'GGGGG/AANNT. The 3'LTR starts 
immediately after the final T of the PPT (Fig 2d). 
When the virtual ORFs of the Calypso consensus element were compared to Athila 
and Cyclops, it was found that the gag domain has very little conservation (-20%). The 
amino acid sequence around the protease domain is reasonably conserved (-40%). The 
reverse transcriptase and integrase domains are exceptionally well conserved (-80% and 
-65% respectively) between plant species. 
The env-like ORF of Calypso is Well Conserved. At present there are seven 
Calypso frtv-like ORFs that have been sequenced (Fig 3). These env-like ORFs have a high 
degree of overall similarity beginning at the first methionine and continuing for three quarters 
of the protein. Sequence similarity then falls off dramatically near the C-terminus. Retroviral 
env proteins are typically transported through the endomembrane system to the cell surface. 
They are proteolytically cleaved to generate the surface (SU) and transmembrane (TM) 
proteins (Fig. 4a). The amino acid sequence at the first methionine of the Calypso env-like 
ORF has the consensus sequence QMASR/KKRR/KA, which appears to be a nuclear (rather 
than a plasma membrane) targeting signal: however, PSORT only predicts a 0.300 confidence 
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Figure 3. An amino acid sequence alignment was made using ClustalX and the ezrv-like 
Calypso sequences to illustrate the similarities and differences between the elements. 
The N-terminus is well conserved and the similarity is reduced toward the C-terminus. 
The extreme C-terminus is not shown and has very little conservation. 
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Figure 4. (A) is a depiction of the retroviral env protein from HTLV-1 and gypsy. The 
key features are labeled on HTLV-1. and regions with predicted functional similarity are 
shown on gypsy. Athilal-l and the Calypso consensus ezrv-like protein. These include 
the splice site acceptor, signal peptide, central transmembrane domain, and the anchor 
domain. In (B), the predicted splice site acceptor is shown for the Calypso elements. 
The splice site is conserved and occurs just before the first methionine of the e/zv-like 
ORF. To the side are the confidence values for the program NetGene2. which was used 
to make the predictions. 
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level for this basic amino acid region to perform this function. A similar sequence 
(SRSGASKKRKGGNSS) is found at the same position in the ewv-like ORF of Cyclops2. 
suggesting that this sequence may serve some purpose. The Athila env-like ORF does not 
begin with a basic leader, but it is serine rich. No other potential targeting peptide stands out 
from the sequences that have been analyzed so far. It should also be noted that five of the 
seven ORFs are predicted to have a transmembrane domain that is just before and includes 
the first methionine. This N-terminal transmembrane domain may be a secretory signal of an 
SU peptide. 
There is a conserved region that is predicted to be a transmembrane domain near the 
center of the Calypso t?/iv-like protein. There is a second transmembrane domain near the C-
terminus of the major env-like ORF. which is encoded by a small ORF that is out-of-frame. 
This small, out-of-frame transmembrane domain is also found in the Athila twv-like coding 
region. The program TMpred estimates these transmembrane domains to be significant based 
on a score >500 (>90% confidence) (data not shown). The N-terminal. central and C-terminal 
transmembrane domains are found in the Cyclops2 ernv-like protein at similar locations but at 
a reduced significance level (data not shown). Therefore, this may represent a frameshift that 
is designed for differential expression of env-like protein variants and may encode the anchor 
motif of a TM peptide. 
Another feature of the Calypso env-like ORF is a conserved splice site acceptor that 
is predicted to be at the first methionine in the ORF. The program NetGene2 v. 2.4 
predicted the acceptor site with a confidence level of 1.00 (Fig. 4b). There are other less 
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preferred putative splice sites in the region but only the methionine splice site is optimally 
placed and conserved in all seven env-like ORFs. There were no exceptionally good splice 
site donors predicted; however, there were several possible donors in the 5* LTR and in the 
gag region. This suggests that the e«v-like ORF may be translated from a spliced mRNA. 
This phenomenon has been observed in the D. melanogaster retrovirus-like element gypsy 
and is a common expression strategy among the vertebrate retroviruses (Avedisov and Ilyin. 
1994). 
Phylogenetic Analysis of Calypso Reverse Transcriptase. The retroelement 
reverse transcriptase is the preferred protein for assessment of phylogenetic relationships 
(Xiong and Eickbush. 1990). This is due to the high degree of amino acid sequence 
conservation found in reverse transcriptase proteins from many sources. The Calypso 
retrovirus-like elements were compared to previously described Tyj/gypsy elements and 
retrovirus-like elements from plants, fungi and invertebrates, vertebrate retroviruses as well as 
a group of Badnaviruses and Caulimoviruses. The Calypso elements formed a distinct family-
group with other plant retrovirus-like elements that exclude common plant 7V3/gypsy 
elements (Fig. 5). This indicates that the plant retrovirus-like elements from three plant 
species are closely related and form a new element group that may be present in all or most 
plant species. It was also noted that the Athila. Cyclops and Calypso retrovirus-like elements 
formed separate, well-supported clades. 
Calypso Copy Number in G. max. The copy number of the Calypso elements is 
hard to judge, but they appear to be abundant High stringency Southern blots of G. max 
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Figure 5. An alignment of the seven domains of reverse transcriptase from vertebrate 
retroviruses. Ty3!gypsy elements and reverse transcribing viruses was generated using 
ClustalX. This output file was used with PAUP to generate the neighbor joining tree 
with 100 bootstrap replicates (values >50% shown). The tree was rooted to the 
vertebrate retroviruses. The reverse transcriptases separated into expected groups 
according to host species type. However, the Plant Ty3/gypsy elements produced 3 
clades. These are the classic Ty3/gypsy elements, the long Ty3/gypsy elements and 
the retrovirus-like Ty3/gypsy elements. 
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DNA that were probed with reverse transcriptase, gag or emMike sequences appear smeared, 
suggesting the element families are plentiful (data not shown). The smearing may also be due 
to sequence heterogeneity among the elements, as was observed for the A. lhaliana Athila 
insertions (Wright and Voytas. 1998). Low levels of sequence identity between the probe 
and filter-bound DNA would not give discrete hybridization signals. This is supported by 
the sequence data that shows a maximum of 93% nucleotide identity between closely related 
elements in reverse transcriptase, whereas the LTR. gag, env-like ORF. and spacer region 
have very little conservation. 
Calypso cDNA Analysis. cDNA was not reliably detected by Northern blot or RT-
PCR using total RNA from G. max callus tissue. Rubisco small subunit mRNA was detected 
as a positive control in the RT-PCR reactions. cDNA clones were also not detected when 
-150 thousand X phage from a G. max root cDNA library were screened under low-
stringency conditions with a Cyclops and a Calypso reverse transcriptase probe. It is not 
likely that all the retrovirus-like elements are silenced. Rather, it may be that the elements are 
only expressed under certain circumstances, in certain tissue, or at certain times in the cell 
cycle. Alternatively, the cell may recognize most RNA from these elements as degenerate 
and degrade them by the nonsense mediated degradation pathway (Hentze and Kulozik. 
1999). This would leave very little retrovirus-like RNA to be detected in a plant cell, since 
most retrovirus-like elements seem to be highly degenerate. 
Retrovirus-like Elements of Other Plant Species. To determine the extent to 
which the retrovirus-like elements are dispersed among plants, a set of degenerate primers 
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was designed to match the sequence just outside of each end of the seven domains of the 
reverse transcriptase. The primers were based on alignments of Athila, Cyclops and Calypso 
reverse transcriptase amino acid sequence. These primers were predicted to yield a -762 bp 
PGR fragment, which was obtained from 18 plant species. Genomic DNAs from A. thaliana. 
G. max and P. sativum were used as positive controls. Genomic DNAs were surveyed by 
PGR from Oryza saliva. Sorghum bicolor, A vena sativa. Secale cereale. Hordeum vulgare. 
Triticum aestivum. Gossypium hirsutum. Platartus occidentalis. Lycopersicon escidentum. 
Solarium tuberosum. Nicotiana tabacum. Zea mays, lea mays ssp parviglumis. a Tripsicum 
species and Pinus coulteri. The PGR products were cloned into T-vector and at least 3 clones 
for each species were sequenced. Most of the clones from dicots. and old-world monocots 
were retrovirus-like element reverse transcriptases. In contrast, the new-world monocots and 
the single pine species only produced reverse transcriptase sequences related to the long 
Ty3lgypsy elements, which includes the Tat and Cinfid families (data not shown). A few 
reverse transcriptases from copia, and non-LTR elements were found in this survey as well 
(data not shown). 
Most of the retrovirus-like element clones from the dicots were highly degenerate, 
having numerous stop codons and insertions/deletions. The old-world monocot retrovirus-
like element clones were in better condition, averaging a single stop codon or 
insertion/deletion per clone. The most intact retrovirus-like sequences were obtained from .-I. 
sativa, S. cereale, and H. vulgare. The majority of clones from these three species had a 
single ORF through the reverse transcriptase sequence. The reverse transcriptase from these 
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three species was also very homologous, having >85% nucleotide identity. Nucleotide and 
amino acid alignments between all of the retrovirus-like sequences were made using ClustalX. 
The position of frameshifts and stop codons in the degenerate clones was ascertained with 
relative ease and conservative corrections were made in the degenerate clones to produce a 
single ORF for amino acid sequence analysis. All seven core domains of reverse transcriptase 
were present with very little spacer sequence between each domain (data not shown). 
DNA and amino acid sequence alignments were used to generate neighbor-joined 
phylogenetic trees with 100 bootstrap replicates. The long Ty3lgypsy element group is most 
closely related to the retrovirus-like elements. Six long Ty3/gypsy element reverse 
transcriptases were used to root the tree. Default values were used in PAUP v4.0 beta 4a 
during tree construction. All of the retrovirus-like elements clustered together (Fig. 6). In 
almost every case, the retrovirus-like elements from a certain species only clustered with 
elements from the same species. This would suggest retrovirus-like elements are transmitted 
vertically like retrotransposons. Alternatively, the observed clustering could indicate a 
narrow host range for horizontal transmission. A narrow host range is frequently observed 
with vertebrate retroviruses. Transmission can be limited to a few strains in some model 
organisms however the retroviruses can adapt quickly to other strains when serially passed 
through strains. There are a few retrovirus-like elements that cluster with elements from 
other species. These could represent PGR contaminants, highly divergent elements, or 
instances of horizontal transfer. In each case the anomalous elements are not far from their 
sibling cluster. 
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Figure 6. An alignment of the seven domains of reverse transcriptase from the long 7V3/ 
gypsy elements and the PGR generated retrovirus-like element reverse transcriptases was 
generated using ClustalX. This output file was used with PAUP to generate the neighbor 
joining tree with 100 bootstrap replicates (values >50% shown). The tree was rooted to the 
long TyVgypsy elements. Most of the retrovirus-like elements form clades based on their 
host species, indicating that the retrovirus-like elements are transmitted vertically like 
retrotransposons. Alternatively, they may have a narrow host range if they are true 
retroviruses. 
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DISCUSSION 
A Novel Lineage of Plant Retrovirus-like Elements. Retrovirus-like elements 
from three plant species have been analyzed, including Athila (Wright and Voytas. 1998). 
Cyclops (Chavanne et al.. 1998) and now Calypso. All have several characteristics in 
common: they are -12-14 kb in length, have long LTRs. have a long ORF that encodes gag 
and pol proteins, appear to use the ASP tRNA for reverse transcription, and encode an env-
like protein. Additionally, the reverse transcriptases from related retrovirus-like elements 
were found in 11 other plant species. These results suggest that the retrovirus-like elements 
are widely dispersed in the angiosperms. This observation, along with consistent structural 
similarities between full-length retrovirus-like elements, demonstrates that they form a novel 
retroelement group. 
Phylogenetic analysis supports the claim that plant retrovirus-like elements are a 
unique group apart from ordinary Tyh!gypsy retrotransposons. The plant retrovirus-like 
elements form a distinct clade. and the other reverse transcriptases break into expected 
groupings, namely the fungal elements, the invertebrate elements, the vertebrate retroviruses, 
and the Badnaviruses/Caulimoviruses group. Interestingly, the plant elements formed three 
distinct groups. These were the traditional Tyilgypsy elements (exemplified by Tmcu-l 
(Wright and Voytas. 1998)), the long Ty3/gypsy elements (exemplified by fa/4-1 (Wright and 
Voytas. 1998)) and the retrovirus-like elements. This suggests that there are at least three 
subclasses of Tyl!gypsy elements in plants. 
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The particularly well conserved amino acid sequence for integrase and reverse 
transcriptase from different species was surprising. The high sequence homology suggests 
that reverse transcriptase is under very tight functional constraints. It would appear that 
integrase is equally constrained. This degree of conservation is unexpected, because the high 
error rates that typify reverse transcription often lead to greatly accelerated rated rates of 
evolution (Gabriel and Mules. 1999). Conservation in the protease domain is less than that 
observed in integrase and reverse transcriptase and amino acid sequence in gag is not well 
conserved within a species and even less so between species. This suggests that gag is much 
more tolerant of mutations and that particle formation allows for a high degree of flexibility in 
gag amino acid sequence. 
The e/iv-like ORF and its Potential Role in infection. When the em--like ORF 
was initially found in the Athila group elements, it was hard to say with any certainty 
whether this sequence played a functional role. After the sequence for Cyclops2 was 
released, the presence of its env-like ORF suggested that the env-like ORF is a fundamental 
part of these retrovirus-like elements. Now that the sequence of the Calypso elements has 
been analyzed, it seems indisputable that the ewv-Iike protein is a conserved domain in the 
retrovirus-like elements and that it plays an important role in the replication cycle. Its 
specific function will remain speculative until an active retrovirus-like element is examined in 
the laboratory. 
The e/rv-like proteins have two to three putative transmembrane domains, one of 
which may act as a secretory signal in an SU peptide, whereas the other two transmembrane 
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domains may act as the fusion and anchor sites for a TM peptide. There is limited (Calypso 
to Cyclops -20%) or no {Athila to Calypso or Athila to Cyclops) env-like amino acid 
conservation between retrovirus-like elements from different species. Even within a species, 
the conservation is low. If the plant retrovirus-like elements are truly infectious, the env-like 
protein most likely determines their host range. Retroviruses infect a host by merging their 
membrane surface with the membrane of a target cell. Plants have a cell wall that surrounds 
the cell membrane. If these new elements are a group of plant retroviruses, the plant cell wall 
poses a serious obstacle to infection. It is still very possible for an infection to occur: a fact 
attested to by the existence of numerous other plant viruses, some of which are enveloped. A 
plant retrovirus may infect susceptible plants through pollen, intertwining root systems, 
opportunistic infection through tissue damage, or they may be carried by insect, nematode or 
fungal vectors. 
The retrovirus-like element gag is much larger than a typical retroelement gag. This 
suggests that it may encode other proteins or carry out additional functions. Complex 
retroviruses like HIV encode a variety of proteins that originate from differential splicing. 
The most obvious protein to be encoded by the extra large gag is a movement protein. Plant 
viruses use movement proteins to transport their nucleic acids, after an initial infection, from 
cell to cell through the plasmodesmata (Seron and Haenni, 1996). The predicted mRNA for a 
plant retrovirus-like element is large, which means that there is a greater chance for the 
mistake prone reverse transcriptase to produce an error. If the large gag did not encode other 
functions, then the evolutionary pressure to constrain the size of the elements would not 
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allow extravagant use of coding space. This argument suggests that the retrovirus-like 
elements may encode more than the obvious proteins. Again however, this idea can not be 
tested until an active retrovirus-like element is found. 
Expression of Retrovirus-like Elements. We were unable to detect Calypso RNA. 
It may be that these elements are simply well silenced, or they may be only expressed at 
specific times or in certain tissues. If these elements were retroviruses, it would not be 
expected that they would be actively expressed in the genome of a healthy plant. Element 
RNA accumulation may also be regulated by an active system that degrades mRNA with 
premature stop codons (Hentze and Kulozik, 1999). All of the reported retrovirus-like 
elements have multiple stop codons and frameshifts in their coding sequence. Endogenous 
retroviruses found in mammal genomes are typically shattered by mutation: however, it has 
been demonstrated that some can be re-activated through demethylation or DNA damage. It 
is known that plants can detect duplicated DNA and silence it by methylation. For example, 
when the Ttol retrotransposon is introduced into A. thaliana it replicates until it is silenced 
by methylation (Hirochika et ai. 2000). If the plants bearing silenced Ttol elements are 
crossed into a ddml background. Ttol becomes active again. The ddml mutation causes a 
decrease in methylation at repeated sequences (Vongs et ai. 1993). 
It should be noted that Tyl! copia and TyVgypsy elements in A. thaliana are not as 
highly degenerate as the retrovirus-like elements. The retrovirus-like elements may simply be 
the last vestiges of an extinct form of retroelement. or they may be remnants of ancient 
retroviral infections. Alternatively, they may be subject to different evolutionary constraints. 
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In this regard, it is remarkable that the retrovirus-like elements of.4. thaliana are badly 
damaged internally yet paired LTRs are >95% similar in many cases. LTRs are 100% similar 
after transposition occurs: the presence of nearly identical LTRs on a highly fractured 
element suggests that they have transposed relatively recently. The apparent recent 
movement of these elements suggests that they are mobilized by proteins provided in trans. 
If this is the case, then a master element must reside in the genome to supply the appropriate 
proteins. Alternatively, the elements could be mobilized during a retrovirus infection. None 
of the Calypso elements described in this study was sequenced from LTR to LTR. so an 
estimate of the age of these elements can not be made at this time. In the case of the Athila 
elements of.l thaliana. however, we will shortly have an entire genome sequence to analyze. 
This will make it possible to make new insights into the evolution of these elements through 
comparisons of multiple, related insertions. 
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CHAPTER 3. CHARACTERIZATION OF THE ATHILA4 FAMILY OF 
ARABIDOPSIS THALIANA RETROVIRUS-LIKE ELEMENTS 
A paper to be submitted to Genetics 
David A. Wright and Daniel F. Voytas 
ABSTRACT 
Athila retrovirus-like elements were characterized from sequence data generated by the 
Arabidopsis thaliana genome project. A closely related group of mostly intact elements was 
found and given the name Athila4. Members of the AthilaA group are similar to the 
previously described Athilal family and the Cyclops elements from Pisum sativum. AthilaA 
group elements encode an ewv-like gene with conserved structural features. Additionally. 
AthilaA mRNA was amplified by RT-PCR from ddm 1 -2 A. thaliana strains, which have lower 
levels of DNA methylation. The characterized cDNA clones were derived from several 
different Athila group elements, all of which had a common polyadenylation site in the LTR. 
The presence of RNA suggests that some Athila elements are actively transcribed in A. 
thaliana and that they are sensitive to DNA methylation. Two AthilaA consensus elements 
were constructed and tested in A. thaliana. Although they were not found to be expressed, 
the results suggested a new strategy for future attempts to activate an AthilaA element. 
65 
INTRODUCTION 
Retroelements have been identified in every eukaryote in which they have been 
pursued. They are essentially a section of DNA that can be transcribed, reverse transcribed 
and integrated into a new genomic location. Replication by reverse transcription is 
responsible for much of the repetitive DNA found in the eukaryotic genome. Retroelements 
can be divided into two major classes, the Long Terminal Repeat (LTR) elements and the 
non-LTR elements. Typically. LTR elements encode a polyprotein that is proteolyticallv 
cleaved into functional sub-units. The primary proteins are Group Specific Antigen (gag) 
and Polymerase (pot). Gag forms the structural components of the particulate transposition 
intermediate. Gag proteins aggregate together during initial assembly and are cleaved into 
smaller subunits to form a mature particle. Pol is cleaved into protease, reverse transcriptase 
and integrase and these proteins work within the particle. Protease extracts itself from the 
polyprotein and processes the other proteins. Reverse transcriptase is responsible for cDNA 
synthesis, and integrase inserts the cDNA into the host genome. The LTR retroelements are 
divided into the retroviruses and retrotransposons. The primary difference is that 
retroviruses can leave their host cell via their envelope (env) protein and retrotransposons are 
trapped within their host cell primarily due to a lack of env. 
Ranking the gagipol coding region are several cis acting DNA sequences that assist in 
replication. These are the LTRs, Primer Binding Site (PBS), PolyPurine Tract (PPT) and the 
mRNA packaging signal. Although the LTRs are identical in sequence, they serve different 
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functions. The 5' LTR acts as the promoter, whereas the 3' LTR provides the 
polyadenylation signal and the polyadenylation site. The PBS and PPT act as primer sites 
for the initiation of DNA synthesis, and the packaging signal ensures that the element RNA is 
taken into the particle. 
Retroelement proliferation is directly or indirectly associated with disease. Many 
retroviruses cause disease directly by interfering with normal cellular function upon infection. 
Retrotransposons are usually benign but can cause mutations by gene disruption, duplication, 
deletion, or by altering gene activity. In a few instances, retroelements have been harnessed 
by the cell to perform a specific function. An example is found in Drosophila melanogaster. 
where the elements HeT-A and Tart have taken over the role of telomerase in telomere 
maintenance (Levis et al. 1993). Additionally, it is thought that the env gene of an 
endogenous retrovirus is used during human placenta development to produce syncytia, 
which are multinucleated cells formed by the fusion of fetal cells (Mi et al. 2000: Blond et al. 
2000). Over evolutionary time, the benefits of retroelement activity must outweigh the 
detrimental consequences: otherwise it would be expected that the retroelements would be 
eliminated entirely from the genome. 
Historically, retroviruses were considered to be limited to the vertebrate since they 
had only been observed as disease causing agents of vertebrates. However, several non-
vertebrate retroelements have been described that have retrovirus-like features: that is. they 
seem to encode an ezzv-like protein. Additionally, a series of experiments has shown that a D. 
melanogaster element called gypsy is an insect retrovirus. Crude cell, and pupal extracts from 
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cells that express gypsy, and purified gypsy virus-like particles (VLPs) have been 
demonstrated to cause infection of D. melanogaster strains that do not have active gypsy 
elements (Pelisson et al., 1994; Song et al., 1994). It was also found that antibodies against 
gypsy env blocked infection (Song et al.. 1994). The realization that gypsy is an invertebrate 
retrovirus has lead to speculation that a number of retroelements that contain an ezzv-like gene 
may in fact be retroviruses. 
The Athila and Sire retroelements were the first plant retroelements to be described 
that have the potential to be retroviruses (Laten et al.. 1998; Wright and Voytas. 1998). Since 
their characterization, other plant retrovirus-like elements have been identified. The element 
Cyclops was identified in Pisum sativum (Chavanne et al.. 1998). and Calypso was found in 
Glycine max along with retrovirus-like elements from Oryia sativa. Sorghum bicolor. Avena 
sativa, Secale cereale. Hordeum vidgare. Triticum aestivum. Gossypium hirsuium. Platanus 
occidentalis. Lycopersicon esculentum, Solanum tuberosum. Nicotiana tabacum (Chapter 2 of 
this dissertation). Besides being phylogenetically related, complete or nearly complete Athila. 
Cyclops and Calypso elements share many structural similarities. They are 12-14 kb long, 
encode gag and pol in a single Open Reading Frame (ORF) and encode an env-like ORF. 
These shared features suggest that retrovirus-like elements from different plant species 
function in a similar manner, but until an active example is tested, the hypothesis that the 
env-like ORF confers inactivity is merely conjecture. 
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MATERIALS AND METHODS 
DNA Sequencing and Sequence Analysis. Clones were sequenced by primer 
walking at the Iowa State University DNA sequencing facility. Sequence analysis was 
performed using the GCG software package (Devereux et al. 1984), DNA Strider 1.2 (Marck 
1988) and the BLAST search tool (Altschul et al. 1990). Phylogenetic relationships were 
determined by the neighbor-joining distance algorithm using PAUP v4.0 beta 4a (Swofford 
1991: Saitou and Nei 1987) and were based on DNA and amino acid sequences that had been 
aligned with ClustalX vl ,63b (Thompson et al. 1994). AthilaA consensus element sequences 
were made by alignments between AthilaA-1. AthilaA-2. AthilaA-3. AthilaA-A. Athila 4-5 and 
AthilaA-6 using ClustalX. Transmembrane helices were identified using the PHDhtm program 
and TMpred (Rost et al. 1995. Hofmann and Stoffel 1993). Splice site analysis was 
performed with NetGene2 ( Hebsgaard et al.. 1996: Brunak et al.. 1991). 
Site Directed Mutagenesis. Sequential PCR site-directed mutagenesis was used for 
reconstruction of AthilaAA (Ausubel et al. 1987). Primers were synthesized that carry the 
desired nucleotide sequence changes. PCR products were generated in overlapping pairs, 
which were used in two rounds of amplification to create single PCR products with 
convenient terminal restriction sites. After cloning and sequencing, the PCR products were 
used to assemble the retrovirus-like element using standard cloning procedures. All PCR 
reactions were carried out using PFU polymerase and protocols supplied by Stratagene. The 
PCR reactions were performed in an MJ Research PTC-100 PCR machine. 
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Cloning and Transformation Vectors. AthilaA PCR products were cloned into T-
vector made from £coRV digested pBluescript K.S II- (Ausubel et al., 1987; Hadjeb and 
Berkowitz. 1996). To expedite AthilaA assembly, fragments were joined in derivatives of the 
cloning vectors pBluescript II KS- (Stratagene) and pSP72 (Promega). pDW782 is 
pBluescript II K.S-, which has a polylinker with the following sites: BsiWl. Clal. Narl. 
BstE.ll. Mid. Kpnl. Sacl. Xmal. and Apal. pDW860 is a 2.1 kb pSP72 derivative with the 
same polylinker flanked by T3/T7 promoters and cloned into the AatlVHpal sites, which 
were destroyed. The ZfraHI site in the beta-lactamase gene was altered to facilitate restriction 
digestion of resistant Narl sites with BsaHI. Due to inherent element instabilities, final 
element construction was in the BIBAC vector pDW700. pDW700 is a fusion of the 
pBELO BAC II Apal to Pvzzll fragment (encoding ProA. ProB. RepE. OriS. ProD) to the 
mung bean nucleased Pvidl/Bfal NPT III gene of pBIN!9 The Pvull site was destroyed and 
the fragment is flanked by ApallNod sites. The Hinilll to Apal fragment of BIBAC II 
containing ProC and the RI origin was sub-cloned and the Hindlll site was changed to a Abri 
site by mung bean nuclease digestion and use of a vector polylinker Notl site. A synthetic 
octopine T DNA border system was made by the ligation of oligos DV0830 to 835. This 
produced a clone with the following sequences: Notl site, left border. EcoKV. BsiWl. Clal. 
Apal, HindlU. sites, overdrive, right border and a Notl site. The mung bean nucleased .-Jcc65l 
to Clal hygromvcin resistance gene of pOCA18 was ligated into the EcoKV site. The 
BIBAC and the pBELO BAC II Notl/ Apal fragments were ligated together, the product was 
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RESULTS 
Characterizing Athila Elements. At hi la elements were identified as sequence data 
became available from the A. thaliana genome project. The BLAST search program was 
utilized to detect homologous sequences with electronic probes representing the LTRs. gag. 
pol. and env-like regions of Athila and Athilal-l (Altschul et al.. 1990). To delineate the ends 
of new Athila elements, the PBS and PPT were identified by a search for the sequence 
TGGCGCC and TTTGGGGG. respectively. A sequence similar to CAATT adjacent to the 
PBS is a further clue that identifies a PBS: CA being the conserved 3' dinucleotide end of an 
LTR. A sequence similar to AGTTG is usually next to the PPT: TG is the conserved 5" 
dinucleotide end of an LTR. Once the putative inner ends of the LTRs were identified, the 3" 
end of the 5" LTR was used to find the 3" end of the 3' LTR. The 5* LTR ends were 
identified in a similar manner. The initial LTR identification was confirmed by the presence 
of target site duplications (TSDs) flanking the element which are typically 5 bases long. The 
presumed LTRs and flanking regions were then compared to each other using BLAST2 
(Tatusova and Madden. 1999). If this identification procedure was not effective, then regions 
of sequence thought to contain the LTRs were compared to each other using BLAST2. This 
was not always straightforward due to the presence of mutations, insertion, deletions, 
multiple LTRs and other repeat sequences surrounding the Athila elements. 
In most cases, the LTRs were about 1.75 kb in length; however variations of several 
hundred bp were noted. Most of the size variation was due to duplications and deletions 
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within the LTRs. Solo LTRs and partial Athila element sequences are more abundant than 
whole elements and tend to show a wide range of sequence heterogeneity. When LTRs are 
compared by phylogenetic analysis, they fall into discrete groups (data not shown). Many 
paired LTRs (those delimiting a single insertion) have a sequence identity >90%. Despite 
this high LTR identity, it is common for the interior of the element to be very degenerate. 
Most of the sequence polymorphism affects the pol region of Athila elements, with pol being 
totally or partially missing in many cases. When present, the pol sequence is highly 
conserved between Athila elements and is even well conserved when compared to the Calypso 
and Cyclops elements. There is much less conservation in the gag and ezzv-like regions 
between Athila elements, which is reduced to insignificant levels when elements from different 
species are compared. This is particularly true for the e/zv-like ORF. 
A Family of Nearly Intact Athila Elements. One large sub-group of very closely 
related Athila elements was identified. The most complete members within the group share 
an average of 95% nucleotide identity across their entire length. Based on nucleotide 
similarity and phylogenetic relationships, this group currently has 22 members. The most 
complete examples are called Athila4-l. AthilaA-2 Athila4-3. AthilaAA. AthilaA-5 and AthilaA-
6. AthilaA-1 and Athila4-4 are organized in tandem and share a central LTR. 
The overall structure of the AthilaA group is conserved, although each member has 
accumulated a unique set of mutations. Six AthilaA group elements are -14 kb long, each LTR 
is-1.78 kb. gag and pol are encoded in an ORF broken by stop codons and frameshifts. and 
each element has an env-like ORF (Fig.I). A six element consensus of Athila4 produces a -14 
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Figure I. Box diagrams are used to present the six relatively intact members of the AthilaA 
family. Boxes with black triangles are LTRs and open boxes between LTRs are open reading 
frames (ORFs). Lines that go part way through the ORFs represent methionine codon and long 
lines represent stop codons. A consensus Athila element is also shown for comparison. 
AthilaÀ-X is in BAC F1404 at bp position 33,315 to 47208; AthilaA-2 is in BAC MED5 at 
bp position 3,448 to 17,452; AthilaA-1 and Athila4-4 make up a tandem element in BAC 
F7F22 at bp position 88,613 to 114,709; AthilaA-5 is in BAC F7K15 at bp position 86,117 
to 99,436, and AthilaA-6 is in BAC F1809 at bp position 38,836 to 52,851. 
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kb sequence with gag and pol encoded in a single ORF and an adjacent env-like ORF (Fig. 
2a). The PBSs of the retrovirus-like elements that have been described to date, including the 
AthilaA group, are conserved for the first 11 bases, which consists of the sequence 
TGGCGCCGTTG. The PBS varies somewhat after these 11 bases, and these differences are 
shared among more closely related elements. The conserved PBS sequence is complementary 
to the 3' end of the aspartic acid tRNA for the GAC codon from A. thaliana and G. max ( Fig. 
2b). The AthilaA group gag/pol ORF has identifiable protease, reverse transcriptase. RnaseH. 
and integrase motifs. Interestingly. Athila gag protein does not have an identifiable zinc 
finger domain, which is typically found in most retroelements including the Calypso and 
Cyclops retrovirus-like elements (Fig. 2c). 
The NetGene2 program predicted splice sites in a number of positions along the 
Athila element sequences, but one stands out because it is in a similar location in the Athila 
and Calypso elements. The splice site acceptor of interest is just before the first methionine 
of the env-like ORF and is consistently predicted with a high level of confidence. Highly 
confident acceptor sites have a score of 95% or more (Fig. 2d). 
While searching for the PPT in the manner described above, it was noticed that Athila 
elements typically have two PPT sites. One is in the expected position, adjacent to the 3" 
LTR. and the other is invariably located just after the env-like ORF. The shared PPT 
sequence is TTTGGGGG (Fig. 2e). This second PPT site is located at a similar position in 
the Calypso retrovirus-like elements of G. max and the Cyclops retrovirus-like elements of 
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Figure 2. A box diagram of the AthilaA consensus element is shown with labeled parts (A). 
In (B), the prominent gag/pol features are shown for comparison. Athila elements do not 
have a discernable zinc finger in gag but they do have motifs for protease, reverse 
transcriptase, RNaseH and integrase. The proposed env-like splice site acceptor is shown 
in (C), with confidence scores predicted by the program NetGene2. The splice site is just 
before the first methionine of the ORF (indicated). The retrovirus-like element PPT region 
is aligned in (D). The sequence TTTGGGGGA is common to most of the retrovirus-like 
element PPT sequences. 
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P. sativum. Conservation of the second PPT suggests it may play a functional role in the life 
cycle of these elements. 
To illustrate the family group associations among some of the Athila elements a 
phylogenetic tree based on the amino acid sequence of the seven core domains of reverse 
transcriptase was produced (Fig 3). The tree was generated using the neighbor joining 
function of the PAUP program with 100 bootstrap replicates. The tree is rooted to four 
classic Tyh!gypsy elements. 
The AthilaA e/tv-like ORF. The consensus AthilaA element has an env-like ORF 
separated into two domains by a frameshift. The frameshift is conserved among most 
members of the Athila4 group and we speculate that it may play a functional role in these 
elements. 
Retrovirus env is generally O-glycosylated at serine and threonine sites and N-
glycosylated at Asn-Xaa-Ser/Thr sites. The Athila consensus ewv-like ORF contains 62 
serine and 30 threonine positions in the primary ORF and 22 serine and 10 threonine 
positions in the secondary ORF. There are only three Asn-Xaa-Ser/Thr positions in the first 
ORF. Additionally, many retrovirus env proteins have a number of cysteines that are 
thought to be used to covalentlv attach the portion of the env protein called surface (SU) to 
the section called transmembrane (TM) via disulfide bonds. After SU and TM are linked, a 
protease cleavage occurs in the golgi to separate SU from TM. The Athila e/zv-like consensus 
has 11 cysteines in the first ORF and six in the frameshifted ORF (Fig. 4a). 
77 
_MO_ 
_1Û£L 
• 0.05 changes 
7ma3-1 
• Tomato 
TmaS-1 
7ma8-1 
Classic 7y3/ gypsy 
elements 
jflQ_ 
•F23m2 
• Athils6-t 
.22-
SA. 
• AthilS\ -1 
• -4f/i/7a1-3 
9Z. 
M 
97 
Athilae-2 
— AthilaB-1 
Athilat-S 
• Athila4-5 
— AthilaA-3 
— AthilaA-i 
— Athi/aA-t 
AthilaH-Z 
• Athila4-7 
— Athilai-IO 
— AthilaH-6 
— AthilaA-8 
Figure 3. A neighbor joining tree of reverse transcriptase for several classic Ty3!gypsy 
elements and four families of Athila retrovirus-like elements. This tree shows 
that zl/Ma is distinct from classic Ty3/gypsy elements and that the AthilaA family is 
distinct from the Athilal, AthilaS, and Athila6 families. Alignments were made with 
ClustalX and the tree was generated by PAUP. Bootstrap values are shown and 
the tree is rooted to the classic Ty3fgypsy elements. 
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Figure 4. In (A), the AthilaA consensus env-like protein and the HTV-1 env protein are 
compared. The splice site in HTV-l is indicated by the arrow, followed by the signal 
sequence, the central transmembrane domain and the anchor transmembrane. The 
AthilaA env-like ORF has a proposed splice site, a central transmembrane domain and a 
terminal transmembrane domain that is in an ORF separated by a frameshift. The ORFs 
are drawn to scale. (B), the TMpred output file for the AthilaA main env-like ORF is shown. 
In (C), the AthilaA env-like ORF is shown with the frameshift removed. TMpred predicts 
transmembrane domains and anything with a score over 500 is considered to be significant. 
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The program TMpred predicts a strong transmembrane domain (inside to outside 
score 2006, outside to inside score 1480) in the central region of the env-like ORP (Fig.4b). 
Scores greater than 500 are considered to be significant when using TMpred. The putative 
frameshifted ORP contains a strong transmembrane domain (inside to outside score 2256. 
outside to inside score 1980) and is in a position analogous to the anchor domain of the 
retrovirus env protein. 
Athila cDNA. The end sequences of the AthilaA group LTRs are highly conserved, 
but they are more variable in the central region (base position -250 to -750). This is the 
region that typically contains the promoter and the polyadenylation sites. The LTRs do not 
have an obvious promoter nor do they have an obvious polyadenylation signal based on 
computer scans (data not shown). To test whether the Athila LTRs can drive transcription, 
we sought Athila mRNA by RT-PCR. mRNA was isolated from the ddm\-2 A. thaliana 
methylation mutant (Vongs et al.. 1993). Primers for 5 different regions of Athila4 were used 
in the amplification reactions and fifteen separate Athila cDNAs were cloned and sequenced. 
All 15 were polyadenylated between about 705 and 891 bases from the 5" end of the closest 
matching 3*LTR in the database. This suggests that the promoter and polyadenylation signal 
are located within the first 891 bp of the 5' LTR and that at least some Athila elements are 
transcribed in the ddm\-2 strain. One of the cDNAs. pDW832. was primed with a gag oligo 
and is an expected 8.4 kb in length. This clone includes part of gag. and reverse transcriptase 
and extends to the polyA tail. The 1.8 kb of pDW832 that was sequenced matches AthilaA-6 
except for a single base change, which could be a result of a PCR error. The remaining 14 
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cDNA clones were primed using oligos that paired to the 3' end of Athila elements and are 
less than 1.5 kb in length. Many of these clones match AthilaA elements and some match 
more distantly related Athila elements (Table I and Fig. 5). 
Table 1. Athila cDNA clones obtained by RT-PCR 
Clone Length to polyA tail Primers Similaritv 
pDW774 792 bp DV0981/1248 AthilaA group 
pDW775 780 bp DV0981/385 AthilaA group 
pDW776 469 bp DV0996/1248 Athilaô group 
pDW777 442 bp DV0996/1248 Athila6 group 
pDW778 440 bp DV0996/385 Athilaô group 
pDW779 440 bp DV0996/385 Athilaô group 
pDW780 776 bp DV0981/385 Athila T17A2 
pDW820 —l500 bp DVO1009/1248 Athila F03G22 
pDW821 —1500 bp DV01009/1248 AthilaA group 
pDW823 -1500 bp DVO 1009/1248 AthilaA group 
pDW824 -1200 bp DV01338/1248 AthilaA group 
pDW825 -1200 bp DVO 1338/1248 Athila F21I2 
pDW826 -1200 bp DV01338/1248 AthilaA group 
pDW827 -1200 bp DV01338/1248 AthilaA group 
PDW832 -8400 bp DVOl 119/1248 AthilaA-6 
Construction of AthilaA Consensus Elements. AthilaA consensus elements were 
constructed using PCR-site directed mutagenesis. For the initial element the gag!pol coding 
region was based on sequence alignment data for the AthilaA-l and AthilaA-2 elements. The 5* 
LTR of the AthilaA-l element was used as both LTRs of the consensus (pDW739). By the 
time the first construct was finished. AthilaA-2 and AthilaA-A had been identified. The 
sequence data for the new elements suggested changes that were incorporated into a revised 
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pDW777 TTCGAGATTTTTCCAA AAAAAAAAAAAAAAAAAAAA 
pDW778 TTCGCGATTTTTCCAAGTTATTGAGATTCCGCGTTTGATTTCAAAAAAAAAAAAAAAAAAAA 
pDW779 TTCGCGATTTTTCCAAGTTATTGAGATTCCGCCyrTTGATTTCAAAAAAAAAAAAAAAAAAAA 
pDW776 TTCGCGATTTTTCCAAGTTATTGAGATTCCGCGTTTGATTTCAAAAAAAAAAAAAAAAAAAA 
Athl'la6-1 TTCGCGATTTTTCCAAGTTATTGAGATTCCGCGTTTGATTTCATTAGTCATCTTGTTTCTCT XTTTCAT AG 
T799 
pDW775 TTCTCTTTGTCTATTCAGTATCCAACATTC GTTCTTGAAAAAAAAAAAAAAAAAA 
PDW774 TTCTCTTTATCTATTCAGTATTCAATATTCAGTTTCTGTTCTTGAAAAAAAAAAAAAAAAAA 
pDW827 TTCTCTGTATCTATTCAGTATTCAGT AAAAAAAAAAAAAAAAAA 
pDW826 TTCTCTTTATCTATTCAGTATTCAGTATTC AAAAAAAAAAAAAAAAAA 
pDW824 TTCTCTTTATCTATTCAGTATTCAAT AAAAAAAAAAAAAAAAAA 
pDW823 TTCTCTTTATCTATTCAGTATTTAGTATTC AAAAAAAAAAAAAAAAAA 
pDW821 TTCTCTTTATCTATTCAGTATTCAATATTCC AAAAAAAAAAAAAAAAAA 
pDW832 TTCTCATTATCTATTCAGTATTCAGCT AAAAAAAAAAAAAAAAAA 
Athila4-1 TTCTCTTTATCTATTCAGTATTCAATATTCAGTTTCTGTTCTTGATTTTCGTTTACTGTTAT 
4 741 
pDW820 ACTTCACATTTTCGAAAACAAGTTTTTTTCTAGTTTTATTCCGCAAAAAAAAAAAAAAAAAA 
1705 
pDW825 CTGCTTTTGCTTCTGCAACCTCTAATTCGAGATTTTTCCAAGTTAAAAAAAAAAAAAAAAAA 
F2112 CCGCTTTTGCTTTTACAACCTGTAATTCGAGATTTTTCCAAGTTATTCAGATTCCGCATTTG 
4 891 
pDW780 TAATCCGGATTTCTCTTTATCAATTAAGTATTCAGCTTTTGTTGAAAAAAAAAAAAAAAAAA 
T17A2 TAATCCGGATTTCTCTTTATCAATTAAGTATTCAGCTTTTGTTCTTGATTTTGTTTACTGTT CT GP 
[ 771  
Figure 5. The polyadenylation sites of various Athila group elements is presented. Below 
each group is a representative 3' LTR for comparison. The base position of 
polyadenylation (marked by the arrow) is shown with respect to the representative LTR. 
The numbers F03G22, F21I2 and TI7A2 are BAC names from which unclassified Athila 
elements are derived. 
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consensus element (pDW762). A genetic marker system based on the his2Al marker utilized 
in the yeast Ty elements was constructed using neomycin phosphotransferase II (NPTII) and 
an artificial intron (AI) under the control of the Nopaline Synthase (NOS) promoter and 
terminator (Goodall and Filipowicz. 1989: Curcio and GarfinkeL 1991). This marker was 
inserted into the 3' end of the consensus elements (pDW739 and pDW762) in an orientation 
opposite to the direction of Athila transcription (Fig. 6). After these constructs were 
completed, AthilaA-5 and AthilaA-6 were found and added to the consensus. The AthilaA-5 
sequence indicated that a few sequence changes could be made to refine the consensus, but the 
addition of AthilaA-6 added no new information. This suggests that a true consensus had been 
reached. These changes are being incorporated into a new AthilaA consensus, which will use 
the 5" LTR from AthilaA-6 for the 5' and 3' LTRs. 
The consensus elements (pDW739 and pDW762) were transformed into wild type 
and ddm\-2 mutant A. thaliana strains via Agrobacterium-mediated transformation. Fifteen 
transgenic plants were recovered and PGR was used to check for reverse transcribed AthilaA 
DNA by amplifying across the artificial intron in the marker gene. AthilaA cDNA was not 
detected. RT-PCR was then used to detect transcription from the AthilaA element and the 
NPT II construct. The polyA primer used to detect Athila mRNA in the ddm\-2 A. thaliana 
mutant was used for first strand synthesis. Primers specific to the NPT II gene were used in 
amplification reactions for the AthilaA and NPT H transcripts. Transcripts from neither 
AthilaA nor NPT II were detected by RT-PCR; however rubisco small subunit was amplified 
in a control reaction. Because Athila is abundant in the A. thaliana genome, it may be subject 
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Figure 6. The selection scheme used for the pDW739 and pDW762 AthilaA consensus 
elements is depicted. In (A), the cauliflower mosaic virus 35S enhancer was attached to 
the 5' LTR to increase promoter activity, and the NPT H artificial intron was inserted after 
the env-like ORF in the opposite orientation to transcription of the Athila element. In (B), 
the Athila element and the NPT II mRNA are shown, but due to the orientation of the 
artificial intron, only the Athila mRNA could be spliced. In (C), the Athila element mRNA 
is spliced, and after reverse transcription, the NPT H produces a functional mRNA (D). 
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to repeat induced silencing. Alternatively, antisense silencing may be occurring between the 
AthilaA element and the NPT II marker gene, since neither RNA is detectable. 
DISCUSSION 
Structural Properties of AthilaA Group Elements. Sequence and phylogenetic 
analysis confirms that the AthilaA group of retrovirus-like elements is the first relatively 
intact and closely related collection of retrovirus-like elements to be described. A consensus 
sequence of six AthilaA elements indicates that they are -14 kb in length, are bound by -1.78 
kb LTRs. use an aspartic acid tRNA at the PBS for priming first strand DNA synthesis, have 
a double PPT. encode gag/pol as a single polyprotein and have an env-like ORF that may be 
expressed from a sub-genomic RNA. Some of these features are unusual when compared to 
classic plant Ty3/gypsy elements. For example, a classic element is -7 to 8 kb in length, uses 
an initiator tRNA to prime reverse transcription and does not encode an em-like ORF. Most 
if not all plant Ty3lgypsy elements encode gag/pol in a single ORF and some have a duel PPT 
Finally, the size of the AthilaA group LTRs are among the largest to be described for 
7V3/gypsy elements. 
Analysis of the AthilaA group elements revealed a few features not previously 
discussed in the study of the Calypso elements of soybean (chapter 2). Most notably, the 
AthilaA group elements have two PPTs. In some retroelements with two PPTs. both are 
functional. Examples are Ty I from the yeast Saccharomyces cerevisiae and some 
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retroviruses. In each case the PPT is centrally located and is used to initiate plus strand 
DNA synthesis during replication. Mutations in the central PPT do not cause Tyl 
transposition defects, but mutations in the 3' PPT completely abolish transposition 
(Heyman et ai. 1995). For Human Immunodeficiency Virus (HIV) and Equine Infectious 
Anemia Virus (EIAV) it is known that the central PPT initiates plus strand synthesis, which 
continues to the 3' end (Chameau et ai. 1994; Stetor et ai. 1999). Plus strand synthesis is 
also initiated at the 5" end. through strand transfer, and continues until reverse transcriptase 
terminates synthesis after encountering and then displacing 88 or 98 bases of the central PPT 
DNA. It is known that the displacement of this DNA in HIV-1 forms an overlapping region 
of DNA called a flap. The flap is used as a cis acting sequence for nuclear import and is 
critical for virus replication in non-dividing cells (Zennou et ai. 2000). The identification of a 
second PPT in Athila suggests that retrovirus-like elements may use two PPTs for regulatory 
purposes during their replication cycle. If the second PPT is functional it may play a role in 
nuclear transport, as is the case with some retroviruses. 
Most LTR retroelements have a recognizable zinc finger domain in their gag protein. 
This is thought to be analogous to the zinc finger domain in the retrovirus gag. The 
retrovirus zinc finger domain is in the nucleocapsid region of the gag protein and is used to 
bind RNA. The Athila retrovirus-like elements do not seem to have a zinc finger domain in 
gag. in contrast to Calypso and Cyclops. When the gag protein sequence of all three 
retrovirus-like element groups is aligned, the Athila. Calypso and Cyclops elements share no 
significant similarity in this region. Not all functional retroelements have a recognizable zinc 
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finger domain. A notable exception is the yeast retrotransposon called Tyl. Tyl is an active 
element despite the absence of a discernible zinc finger domain. This suggests that some 
elements use an alternative to the zinc finger motif for binding RNA. 
A Search for Athila Activity. Because mRNA is required for replication by reverse 
transcriptase, we sought Athila mRNA by RT-PCR. When wild type plants were screened, 
the results were negative or not reproducible. However when total RNA from dclm 1 -2 plants 
was screened, the results were positive and consistent. A total of 15 Athila element cDNAs 
were amplified and cloned from the ddml-1 A. thaliana mutant. These elements include 
AthilaA and several related element groups. Related groups are polyadenylated within the 
same region of the LTR between positions 705 and 891 bp. This suggests that the promoter 
and polyadenylation signal are within the first 891 bp of the LTR. One 8.4 kb cDNA clone 
was obtained using a gag primer and appears to be an AthilaA-6 transcript. This suggests that 
AthilaA-6 is transcriptionally active in the ddml-2 background and that Athila elements can be 
transcriptionally induced under certain conditions such as when DNA is demethylated. 
The observation that defective elements are expressed may help explain a paradox of 
the retrovirus-like elements. The LTRs of a retroelement can be used to determine the 
relative age of an insertion. The LTRs of a new insertion are 100% identical, which 
diminishes over time due to the accumulation of mutations. The LTRs of a highly degenerate 
retroelement would be expected to have low identity yet many of the highly degenerate 
retrovirus-like elements have LTR similarities > 95% identical. This high level of similarity 
suggests recent transposition. Since retrovirus-like element mRNA is produced under some 
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circumstances, it is likely that the degenerate elements are being mobilized in trans. This 
further suggests that a fully functional retrovirus-like element resides in the genome of A. 
thaliana. Alternatively, if the retrovirus-like elements are true retroviruses, it may suggest 
that endogenous retrovirus-like elements are mobilized during a retrovirus infection. 
Since endogenous retrovirus-like elements are transcribed in the ddm\-2 A. thaliana 
mutant background, it was expected that the AthilaA consensus constructs would be 
expressed as well. However, transcripts for pDW739. pDW762 and their NPT II marker 
gene were not detected in RT-PCR experiments designed to amplify these RNAs: a rubisco 
small sub-unit positive control worked well. It may be that the Athila constructs were 
scrambled upon insertion or it may be that the AthilaA-l LTR is not an effective promoter. 
However, the nopaline synthase promoter should have been activated and there should have 
been an NPT II RT-PCR product. It would seem more plausible that the RNAs from AthilaA 
and NPT II are interfering with each other and causing antisense RNA mediated silencing. 
With the discovery of AthilaA-5 and AthilaA-6. a new AthilaA consensus element is 
being constructed. This element has an improved gag/pol consensus ORF. uses the 5* 
AthilaA-6 LTR on both ends, and has a marker system in which transposition events can be 
detected by PCR rather than by a genetic marker. The PCR marker is an artificial intron and 
will be used to detect AthilaA consensus mRNA, splicing events and cDNA by PCR 
amplifying across the intron boundaries. mRNA transcripts unique to the AthilaA consensus 
should be the only RT-PCR amplification products, and it would be expected that there 
should be two sizes: one unspliced and one spliced. If AthilaA consensus cDNA is made, the 
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PCR product should be the same size as the spliced RT-PCR product. A PCR based 
transposition marker should eliminate the possibility for antisense silencing that was 
observed for the first two AthilaA consensus elements. 
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CHAPTER 4. GENERAL CONCLUSIONS 
GENERAL DISCUSSION 
Athila was originally described as an unusual retrotransposon. and Tat was first 
thought to be a degenerate DNA transposon (Peleman et ai. 1991 : Pelissier et ai. 1995). In 
my Master's work, I demonstrated that Tat\ was, in fact, a retrotransposon. and that Tat and 
Athila are degenerate Ty3/gypsy elements (Wright and Voytas. 1998). A connection was made 
between the Tat elements and Athila when sequence analysis of the A. thaliana genome 
revealed nearly intact relatives of each group. These are called Tat A-1 and AthilaXA. 
Full length Tat group elements are longer versions of traditional plant Tyl!gypsy 
elements. The average plant 7V3/gypsy element is -1 to 8 kb long, whereas Tat A-1 is -12 kb 
in length. The extra length of TatAA is attributed to -4.5 kb of 3" non-coding sequences 
between integrase and the 3" LTR. Tat4-l carries 453 and 452 bp 5* and 3" LTRs. 
respectively, and uses a PBS that is homologous to the 3' end of an arginine tRNA. This is in 
contrast to the initiator methionine tRNA primers that are used by traditional plant 
TyVgypsy elements. The Tat gag!pol ORF is comparable in size and structure to traditional 
plant Ty2!gypsy elements, yet Tat elements form a distinct lineage when reverse transcriptase 
is used in phylogenetic comparisons. Other Tat group elements are similar to 7ar4-l. but use 
a PBS that is complementary to a lysine, asparagine. or arginine tRNA. Tat group elements 
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are found in a number of species (for example, Cinfill of Z mays, SanMiguel et al., 1996) and 
are collectively referred to as the Long Tyi/gypsy elements. 
Athilal-l is -12 kb in length and carries all of the pol protein motifs associated with 
the Tyl/gypsy retrotransposons. The gag/pol ORF of this element is larger than a typical 
Ty3/gypsy element, and a phylogenetic tree based on reverse transcriptase indicates that 
Athila I-1 forms a lineage that is separate from the traditional and the Long Ty3/gypsy 
elements. The PBS of Athila\-\ is complementary to an aspartic acid tRNA. and it has an 
extra ORF with env-like features. The ezzv-like ORF suggests that Athila is a plant retrovirus. 
From the data presented in the previous chapters, it seems clear that these general features 
first described for Athilal-l are found among related elements distributed throughout the 
angiosperms. 
Shortly after.-l/A/Zal-l was discovered, the element Cyclops2 was described in P. 
sativum (Chavanne et al.. 1998). Cyclops2 is phylogenetically related to Athilal-l. and they 
share the same general organization. To verify the retroviral nature of these elements, a G. 
max X phage library was screened. Twenty-four out of sixty-three clones were found to 
contain unique soybean retrovirus-like elements and five were completely sequenced. The 
soybean retrovirus-like elements are named Calypso. Calypso elements are highly degenerate 
and heterogeneous, which is similar to what was observed for Athila elements in .4. thaliana. 
Nonetheless, Calypso has a close relationship to the other retrovirus-like elements, and 
Calypso has an env-like ORF. 
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As the A. thaliana genome project progressed, the number of Athila element sequences 
grew, but most of them were highly degenerate. This was the case until AthilaA-l and 
AthilaA-2 were discovered. In a very short time, AthilaA-3, AthilaA-A. AthilaA-5 and AthilaA-6 
joined these first two AthilaA elements. To date, the AthilaA group is the most structurally 
intact and most closely related group of Athila elements. These six AthilaA elements average 
95% nucleotide sequence identity over their entire length, whereas other groups share high 
identity only in discrete regions. The AthilaA group allowed the first true consensus 
retrovirus-like element to be constructed. Each new AthilaA sequence refined the consensus, 
but AthilaA-6 added no new information, suggesting that an authentic consensus had been 
reached. 
Athila. Calypso and Cyclops retrovirus-like elements share similar m-acting DNA 
sequences. The LTRs of each group are between I and 2 kb in length. They begin and end 
with the typical dinucleotides (5' TG CA3') and have short inverted imperfect repeats. 
All three groups appear to use the aspartic acid tRNA for the GAC codon as a primer, and 
each has a duel PPT with a core sequence of TTGGGG. One PPT is in the expected position 
adjacent to the 3"LTR. and the other is just after the env-like ORF. 
The pol region is highly conserved at the amino acid sequence level between all three 
element groups, whereas gag is much more divergent There is modest amino acid sequence 
conservation of the e/zv-like ORF between Calypso and Cyclops, and no appreciable 
conservation when either is compared to Athila. However, all three env-like ORFs share 
similar structural features. The env-like ORF is separated from the gag/pol ORF by 
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numerous stop codons. A splice site acceptor sequence is found just before the first 
methionine encoded in the ORP, and there are typically at least two transmembrane domains. 
The first transmembrane domain is centrally located. In all three cases, it appears that the 
second transmembrane domain is in a short out-ot-frame ORP at the end of the main env-like 
ORF. This suggests that the env-like protein is translated in at least two forms (via 
translational frameshifting) that vary by the presence or absence of a C-terminal 
transmembrane domain. 
To evaluate the range and diversity of the retrovirus-like elements, reverse 
transcriptases were PCR-amplified from a variety of plant species using degenerate 
oligonucleotide primers. The degenerate primers amplified the expected ~762 bp fragment 
out of 18 plant species. Retrovirus-like elements were cloned from 14 species. Curiously, 
the 14 species that yielded retrovirus-like elements were all dicots and old-world monocots. 
Only long Ty2lgypsy elements, classic Ty3/gypsy elements. non-LTR and copia group 
elements were recovered from the remaining four species, which included three new-world 
monocots and a gymnosperm. This may be due to sequence diversity among elements in 
these species, or it could be the new-world monocots and gymnosperms are devoid of 
retrovirus-like elements. Further testing of these species will be needed to determine which is 
the case. 
The most striking feature of the retrovirus-like reverse transcriptase clones is the 
extreme degree of amino acid conservation. This suggests that these elements encode a highly 
specialized reverse transcriptase that evolves more slowly than those of other retroelements. 
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Alternatively, it may indicate a relatively recent spread of these elements. Based on the 
lower level of gag and ezrv-like amino acid conservation, it would seem reasonable that reverse 
transcriptase has become highly specialized and tolerates very few changes. Another feature 
that was notable was the overall condition of the ORF. Without exception, the dicot reverse 
transcriptase PCR clones had an ORF broken by multiple frameshifts and stop codons. 
However, the monocot PCR clones were in much better condition, even though they too 
occasionally had a few mutations. The reverse transcriptase clones from oat. rye and barley 
were in particularly good shape with respect to the ORF. The PCR clones from these three 
grasses were so closely related that they share large blocks of nearly invariant DNA 
sequences; most of the DNA differences are third base codon changes. 
Phylogenetic trees generated for the retrovirus-like elements have a topology similar 
to trees of their plant hosts. This implies vertical propagation of the retrovirus-like elements. 
Alternatively, if they are retroviruses, they may have a narrow host range. A narrow host 
range is commonly observed for animal retroviruses, many of which are even strain-specific. 
There were a few cases where one retrovirus-like element did not cluster with other elements 
from its host or clustered with elements from another species. This could be due to PCR 
contamination, high rates of sequence changes, relatively recent exchange of genetic material, 
or possibly a cross species infection event. Further testing will be needed to distinguish 
between these possibilities. 
A number of attempts were made to obtain retrovirus-like element cDNA from A. 
thaliana. oat. Rye and Barley. These were unsuccessful or not reproducible until the A. 
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thaliana ddml-2 mutant was tested. The ddml-2 mutant causes a decrease in DNA 
methylation over several plant generations. Methylation is thought to be a plant defense 
against retroelement proliferation, and it has been shown that when the tobacco Ttol element 
is introduced into A. thaliana. it replicates a few times and then is silenced by methylation 
(Hirochika et al.. 2000). RT-PCR of ddml-2 total RNA yielded several classes of 
polyadenylated Athila element cDNA. In one case, an 8.4 kb cDNA was obtained which 
closely matched Athila4-6: 14 other cDNAs clones were from the 3* end of the elements and 
matched various sequences related to the AthilaA and Athila6 group elements. In each case, 
the cDNA was polyadenylated between LTR base position 705 and 891. and the location 
varied by no more than 26 bases within related sequence groups. Collectively, this data 
suggests that the Athila elements become active when the A. thaliana genome is demethylated 
and that at least some Athila elements have an active promoter and functional 
polyadenylation signal. These experiments further suggest that agents that cause 
demethylation could be used to activate quiescent retrovirus-like elements in other plant 
species. 
Early on it became apparent that a functional retrovirus-like element was going to be 
difficult to obtain. It was decided, therefore, that a consensus element modeled on the 
previous data, would be generated to further study the Athila retrovirus-like elements in A. 
thaliana. Two versions of the Athila4 consensus were designed and tested: an additional 
version has since been abandoned due to stability problems and a fourth consensus element is 
being assembled. Each reconstructed element represents a series of refinements of the 
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consensus sequence that was made as additional data became available. Consensus one 
(pDW739) and two (pDW762) both used AthilaA-X as a starting point, to which was added 
an NPTII artificial intron marker system. Mutations in the gag/pol sequence were corrected 
based on the available consensus. Both constructs were transformed into wild type and 
ddm 1 -2 A. thaliana backgrounds. Neither cDNA nor mRNA was detected for AthilaA or 
NPT II in either construct. The pDW739 and pDW762 clones were unstable, and it is 
possible that they rearranged in £ coli. Agrobacterinm. or during the transformation process. 
Another possibility is that antisense silencing occurred due to the opposite orientation of the 
NPT II marker gene with respect to AthilaA in the constructs. Antisense silencing would 
account for the lack of mRNA for AthilaA and NPT II. 
Based on this information and further refinements of the consensus, a third construct 
was attempted using pDW762 as a starting point. In this construct, just the artificial intron 
was used as a PCR marker, and 15 additional amino acid changes were made to the gag/pol 
region. This construct became so unstable that the two halves of the 3* end could not be 
ligated together. It was noticed that most of the instability seems to be associated with the 
AthilaA-l LTRs. Because the cDNA study suggested that the Athila4-6 element was 
producing mRNA. the Athila4-6 5" LTR was PCR amplified from the genome and cloned. 
This LTR seems to be much more stable in £ coli and is being used in the fourth 
reconstruction of AthilaA. This element has the 5* AthilaA-6 LTR on its 5* and 3" ends, and a 
complete gag/pol amino acid consensus from six AthilaA elements. The element is derived 
from an AthilaA-l backbone. The fourth reconstruction of AthilaA is nearing completion. The 
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reconstructed AthilaA element should help answer questions regarding transcription, 
translation, reverse transcription, integration and target site specificity of the Athila 
retrovirus-like elements. 
Future Experiments 
An important experiment that is currently being attempted is to ascertain the location 
of Athila proteins within the cell. Determining the localization of the env-like protein is of 
particular interest. In these experiments, an epitope tag was added to the coding region of 
Athila. so that an antibody specific to the tag could be used to visualize the protein. The 
consensus AthilaA gagfpol ORF has been tagged with the C-myc epitope at two positions 
near the N-terminus and at the C-terminus. These three constructs also carry the cauliflower 
mosaic virus 35S promoter and the nopaline synthase terminator, and they will be used in 
transient expression assays and will be transformed into A. thaliana plants. Based on animal 
retrovirus studies, it is expected that gag/pol protein will form virus-like particles in the 
cytoplasm or near the plasma membrane. 
Separate clones of the env-like proteins for AthilaA -I and AthilaA-2 have been tagged 
in each of the two predicted C-terminal ORFs. These constructs will be used in transient 
expression assays and will also be transformed into A. thaliana plants. The first em-like 
ORF should make a marked protein, and if there really is a frameshift involved in e/rv-like 
protein production, the tagged, frameshifted ORF should give a positive signal as well. It is 
98 
anticipated that the ewv-like protein will go through the endoplasmic reticulum, then the golgi. 
and finally end up embedded in the plasma membrane. 
The final stage of virus replication is the release of mature retroviruses from the cell. 
If the previously described tagged proteins work as predicted, they will be incorporated into 
a whole element construct. Virus particles will then be purified on sucrose gradients. The 
tags on the proteins will facilitate particle purification. If particles do not form as predicted, 
it may suggest a construct problem or that the elements may be something other than 
retroviruses. Alternatively, plant retroviruses may have a different life cycle than their 
animal counterparts. 
An experiment to determine the time, place and activity level of the AthilaA LTR 
should give vital clues as to when and where the AthilaA elements are expressed. In this 
experiment, different LTRs will be fused to a beta-glucuronidase marker gene (GUS). and 
whole transgenic plants will be stained at various time points during development. This data 
may suggest a life cycle strategy for the AthilaA elements. 
While studies of Athila are on-going, it will be important to look at retrovirus-like 
elements from other species. Based on the high rate of genomic element degeneracy observed 
so far, these elements should be isolated from a cDNA library. A good starting point would 
be to demethylate the genome of a particular plant species using a chemical such as 5-
azacytidine. RNA will be collected and tested on Northern blots with a reverse transcriptase 
probe. If there is a sufficient amount of retrovirus-like element RNA. then a library will be 
made. X phage could be used to construct a size-specific library, since a clone needs at least a 
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10 kb insert to be propagated. Since the size expected for a retrovirus-like element mRNA is 
—11 to 12 kb, this type of library ensures that only full-length or nearly full-length retrovirus-
like elements are examined. 
Another important experiment that needs to be done is to conclude whether Z mays 
carries any retrovirus-like elements. The available corn sequence databases have been checked 
on a regular basis, and the only retrovirus-like elements that have been found are several long 
Ty3lgypsy elements. It may be better to screen a Z. mays genomic library, and other new-
world monocot libraries, to determine if retrovirus-like elements are truly absent from the 
new-world monocot genomes. An investigation into whether or not new-world monocots 
have retrovirus-like elements would bring up interesting evolutionary questions. If new-
world monocots do not have retrovirus-like elements, then the question is "why not?" If 
they do. then the question is "how have they evolved differently from elements in the old-
world monocots and dicots?" If com and other new-world monocots do not carry retrovirus-
like elements, several possibilities could account for this observation. It may be that new-
world monocots are resistant to retrovirus-like elements, or that the spread of the retrovirus-
like elements is recent and new-world monocots have not been infected yet. Alternatively, it 
could suggest that since the monocots diverged, the new-world monocots have managed to 
shed the retrovirus-like elements. If the new-world monocots do have retrovirus-like 
elements, then it will be interesting to see how they differ from the known retrovirus-like 
elements. 
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How Could a Plant Retrovirus be Transmitted? 
The problem of how a plant retrovirus could cause an infection is a difficult question 
to answer. The cell wall likely presents a barrier to membrane-bound virions, however, other 
enveloped plant viruses seem to do quite well despite the cell wall. It would therefore be 
reasonable to base a model for plant retrovirus spread on existing modes of infection by plant 
viruses. Approximately 80% of known plant viruses are spread through arthropod feeding. 
Insects that feed on infected plants and then move to uninfected plants are the principal 
carriers, but a few mites and nematodes are also known to transmit viruses. Certain fungi can 
transmit viruses in or on their spores. These fungi infect a plant that is already infected with 
a virus, then produce spores, which carry the virus to a new plant. Plant viruses are also 
transmitted by mechanical damage, wherein infected sap from one plant enters a wound on a 
healthy plant. Additionally, plant viruses are spread through seed. Even pollen from an 
infected plant can spread a virus to an uninfected plant. 
By whatever mechanism it occurs, the initial infection is only the first stage in viral 
spread. Once a single cell is infected, the virus must contend with the cell wall again. It is 
thought that all plant viruses use a movement protein to transfer nucleic acids or whole 
viruses through the plasmodesmata (cell pores) to accomplish a cell to cell infection. 
However, not all plant viruses encode a movement protein; some viruses are dependent on 
other viruses to supply the movement protein to facilitate cell to cell transport. Plant viruses 
101 
move from cell to cell until the phloem is reached. The virus then begins a systemic infection 
and enters the meristems and other sink tissues through the plasmodesmata. 
A plant retrovirus would probably be transferred within a plant in a manner similar to 
other plant viruses. Retroviruses may have an advantage over other viruses, because once 
they infect a single cell and became integrated into the genome, they could continuously 
produce single stranded mRNA to cause a systemic infection. If plant retrovirus mRNA is 
not transported to other cells, the initial infection would be localized to a single cell or cluster 
of cells and would produce very little inoculum. This strategy would not be conducive to 
long term survival of the plant retroviruses. Alternatively, a plant retrovirus may depend on 
direct infection of meristematic or reproductive tissue. This strategy would ensure virus 
survival, because once it integrated into the genome, it would be passed to all subsequent 
daughter cells, including offspring derived from those cells. This would constitute an entirely 
new infection strategy since all known plant viruses are thought to be dispersed within the 
plant via the plasmodesmata. 
If the plant retrovirus-like elements were true retroviruses, they would be expected to 
encode a movement protein or act in an opportunistic fashion and borrow them from another 
invading virus. The movement proteins are not well conserved, so predicting that a particular 
ORF contains a movement protein is difficult; however, movement proteins do not contain 
transmembrane domains, so the env-like ORF is not a good candidate. The pol region of the 
retrovirus-like elements is comparable to other TyVgypsy pol proteins, but gag is a bit larger 
than expected. Additionally, some of the LTRs seem to have an ORF. It is possible that gag 
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or the LTRs encode a movement protein directly or produce the protein via alternative 
splicing. 
The proposed functional significance of the frameshift in the env-like ORF is still a 
matter of speculation. An alternative e/zv-like protein would suggest an alternative function. 
It may be that a single transmembrane containing t?zzv-like protein is used in the plant and the 
double transmembrane version functions in a vector species. It is conceivable that the 
retrovirus-like particles adhere to the mouth parts of an insect or attach to a fungal spore via 
the env-like protein. Alternatively, they may infect their non-plant vector as well. These 
ideas will have to be tested once an actively transposing retrovirus-like element is obtained. 
How do new retroviruses emerge? This is a question that was addressed recently and 
the answer seems to be that a retrotransposon can transduce a viral env coding region and 
become infectious (Malik and Eickbush. 1999). Gene transduction by the retroviruses is well 
documented, and gave rise to the oncogenic retroviruses. Retrotransposons can also 
appropriate gene fragments (Bureau et al.. 1994). It is suggested that at least three 
invertebrate retrovirus elements captured their env from specific viruses. If this is true, then 
a plant retrovirus could evolve in a similar manner because there are many enveloped viruses 
that a plant encounters. It should be mentioned that the Tyj/gypsy retrovirus-like elements 
are not the only potential plant retroviruses. The elements Sire from G. max and Endovir 
from A. thaliana appear to have an em-like region as well. Both elements are from the 
Tyllcopia class of retrotransposons. so if they were retroviruses, it would mean that plant 
retroviruses arose at least twice during retroelement evolution. 
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Conclusion 
I have been able to characterize retrovirus-like elements from 14 plant species, detect 
Alhila retrovirus-like cDNA and have created and tested several AthilaA consensus constructs. 
In the coming months I will test a fourth AthilaA consensus element along with a number of 
tagged AthilaA protein constructs. The data obtained from testing these clones should reveal 
vital clues regarding the nature of the retrovirus-like elements. 1 believe an active retrovirus-
like element will be produced from a consensus, but it may become a tedious process if the 
fourth AthilaA consensus element fails. As an alternative, a retrovirus-like element may be 
obtained from oat. rye or barley. Based on the degenerate PCR assays, these three grasses 
have the most intact retrovirus-like elements that have been found. 
If this lineage of retroelements turns out to be a group of plant retroviruses, it could 
bring plant transgenic research to a level equal to current research in mammalian systems. 
The benefits of such a system would be enormous: however, inactivity could be a problem 
for the plant biotechnology sector. If a plant retrovirus was presented to the public in the 
wrong way, the public may reject the already controversial transgenic crops with even more 
fervor. If inactivity is shown, it should be presented in the most positive light possible, and 
the public must be made to understand that these elements have always been present in the 
environment, and they do not pose any known dangers. However, the plant retrovirus-like 
elements should be treated with due care until potential risks have been accessed. 
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